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THE SIGN OF 
GOOD WELDING 


Welded by 


JENKINS 


OF ROTHERHAM 


Expansion of production potential 
co-ordinated with the introduction of 
advanced welding techniques enables us to 
produce large and small vessels of 

intricate design in all weldable metals 


Welded fabrications to the requirements o! 
Lloyd’s Class | (fusion-welded pressure 
vessels), A.P.1., A.S.M.E. and A.O.T.€ 
codes and similar specifications 


ROBERT JENKINS & CO. LTD. ROTHERHAM 


Telephone: 4201-6 (6 lines) 
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Only QUASI-ARC offers you 
OVER 400 DIFFERENT ELECTRODES 


ELECTRODES of every size and kind 


—mild steel electrodes, electrodes 
for welding high tensile steels, creep 
resisting steels, corrosion resisting 
steels, manganese steel, cast iron, 
and non-ferrous metals—Quasi-Arc 
has them all, including 12 new 


electrodes listed here. 


For better welding 


and friendly service 


FERROMAX A new type of rutile base 
iron powder electrode depositing weld 
metal of low hydrogen content. For the 
first time — positional welding with an 
iron powder electrode 

CELTIAN A universal iron powder 
electrode with cellulose covering; for 
general fabrication work and especially 
suitable for welding pipelines by the 
“Stove-Pipe”’ method. Conforms to 
American Welding Society Classifica- 
tion E.6010 

CHROMOID No. 4 For all position 
welding of acid-resistant steels of the 
18 8 3 chromium nickel molybdenum 
class with or without Titanium or 
Niobium stabilization 

CHROMOID No. 5 Deposits full aus- 
teniticstainlesssteelof25 20chromium 
nickel composition, the weld metal 
containing less than 4°, Ferrite 
FERROLOID No. 3 An all position 
electrode of the §§ 45 nickel iron class, 
intended specially for strength welding 
ordinary grey and special duty cast 
iron and “ductile irons’. The deposit 
is machineable. 

FERRON (new type) For welding 
mild steel in all positions; particularly 
for heavy sections or highly restrained 
joints, and for steel with higher carbon 








alloy or sulphur contents. The use of 
iron powder in a basic type covering 
gives greater cconomy 

PRESSURE VESSEL (new type) 
Specially designed to deposit mild 
steel of the highest quality and to pro- 
duce welds which will show 100 
soundness under radiographic exami- 
nation. For flat positior butt and fillet 
welds and horizontal vertical fillets 
with a mitre profile. Particularly suit 
able for deep grooves 

VORTIC (improved type) A universal 
electrode specially designed for good 
positional welding characteristics 
Features are a quiet arc with excellent 
stability and penetration, good slag 
control and very easy deslagging 
DUROID No. 3 (new type) Basic 
covering ensures crack-free deposits 
Gives weld metal with a hardness of 
700 V.PN 
CHROMIUM—MOLYBDENUM 
BEARING LOW ALLOY TYPES 

Three creep-resisting, corrosion-re- 
sisting electrodes, the weld metal cem- 
position of which corresponds to the 
low alloy steels used for high tem- 
peratureand high pressureapplications. 
The electrodes are: 1% Cr/}°%Mo. 
24% Cr/t®)Mo. #& 4/6% Cr/$%Mo. 


QUASI-ARC 


QUASI-ARC LIMITED. BILSTON - STAFFORDSHIRE 
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Light Alloy “Grundycan” 
welded with Saturn-Hivolt 


Surge Injector Welding Units 


tig hited tn, 


One of the finest light alloy churns available, the ‘‘Grundycan”’,is welded throughout 
by the Argon Arc process using Saturn-Hivolt Surge Injector equipment. Saturn 
cutting and welding equipment has, for many years, played a big part in industry. 





The new Saturn-Hivolt Argon Arc Welding Machines and Saturn High Purity Argon 
offer the finest welding of aluminium and its alloys and stainless steel. Let us show 


you the complete range supplied and maintained from our many branches through- 
out the country. 


SATURN INDUSTRIAL GASES LTD 


Saturn Works, Gordon Road, Southall, Middlesex Phone: Southall 5611 


BRANCHES: 


GLASGOW - BIRMINGHAM +: MANCHESTER - SHEFFIELD 
LYMINGTON + SUNDERLAND + THORNABY-ON-TEES 
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Dragged and scuffed through half the world’s shipyards, construction sites and engineering 
works, Mersey Welding Cables show remarkable indifference to their hard life 
being just as likely to go on serving you long after others have outlived their usefulness. 
In part, this extraordinary toughness and flexibility is due to the care and skill of 
the men who make them, partly to the fine quality materials used and lastly to the 
advanced manufacturing techniques evolved by the Mersey Cables research and 
development teams (they were the first to give you irradiated cables!) All of which adds up 
to this: if you’re looking for a really tough, flexible, long-life welding cable—look 
to Mersey. Write, on official letterhead please, for our new, free leaflet on Welding Cables. 


The toughest most flexible 
welding cables come from 


/ 


| 


MERSEY CABLE WORKS LIMITED: LIVERPOOL 20 
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SAVE ON YOUR kVA DEMAND OR 


POWER FACTOR GLAUSE TARIFFS 


Both these types of tariff 
encourage consumers to obtain maximum power 
from the current they buy. 
BICC Capacitors ensure that they do. 


Part of the current fed to A.C. motors, 
welders, transformers, etc., is not generally 
converted into useful energy. Capacitors 
reduce this idle component, so that less 
current does the same work. 

Known as improving the Power Factor, this 
often means considerable savings in electricity 
costs. BICC Capacitors will usually pay for 
themselves in 18 months to 3 years! 





CAPACITORS 


CALL IN THE EXPERTS 


How much can BICC Capacitors help you? Specialists 
of our Technical Advisory Service will be glad to tell you 
how they can reduce your Electricity Account; without 
obligation of course. 





BRITISH INSULATED CALLENDER’S CABLES LIMITED, 21 Bloomsbury Street, London, W.C.1 
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| 
is it a PERFECT weld ? 


You'll know immediately and with certainty if you 

use the MAPEL Ultrasonic weld test in conjunction with 
Call in MAPEL for gamma-rays—the latest advance in MAPEL’s Welding 
Welding Supervision Supervision Service to save you time, labour and cost. 
Leak Detection Training of welders to high standards, speedy 
means, skilled advice on the best techniques, procedure 


and practice —all yours when you call in MAPEL. 





| 
I 
Cathodic Protection inspection of welds by visual, radiographic and ultrasonic 
| 
I 
| 


METAL & PIPELINE ENDURANCE LTD. 
Artillery Mansions, Victoria Street, London, S.W.1. 


Tel: ABBey 6056 ‘Grams: Metaldure, Sowest, London. 











Divisional offices at Woolmer Green, Herts; also at Newcastle-on-Tyne. AGENTS THROUGHOUT THE WORLD 
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FROM BRITISH OXYGEN _ FOR BRITISH INDUSTRY 
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THE LYNX 


a new development in inert gas welding 


This new British built Lynx inert gas consumable electrode welding set 
incorporating the best features of Argonaut and Sigma is an 

important new development in the Argon welding field. 

It is a bare wire consumable-electrode unit with a new power source and 
the choice of two torches—an air-cooled for site work and low current 
consumption, or water-cooled for welding metals where the 

current requirements are in excess of 300 amperes. 

Currents as high as 500 amperes can be used for continuous operation, and 
up to 600 amperes for intermittent welding. 

Other advantages of this new equipment are: a totally enclosed carriage 
which is light, compact and robust; an improved feed roll 

assembly providing a positive drive, with a remote control box 

for the manual control of welding wire speed. 

In addition, the control box housing relays are located in the 

power source; the thermostat is built into the water-cooled power 

cable which protects the equipment from damage; 

and the design of the relays has been improved. 

Available for argon shielded welding from your nearest 


British Oxygen Gases branch or from the makers 
Quasi-Arc Limited, Bilston, Staffordshire. 

British Oxygen Gases Ltd. 

industrial Division, Spencer House, 

27, St. James's Piace, London, S.W.1. 
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Men like em 





Your men are luckier than the drill sergeant! says Reg. The 
MILNE “‘General’’ blowpipe doesn’t come to them as a raw 
recruit. No sir, this robust blowpipe has its toughness built-in 
~ it has all the advantages of the seasoned campaigner, in fact 
there's 30 years’ service behind it. Knock it about, treat it 
rough, the ‘‘General”’ is always ready for more. Naturally, it's 
versatile and hardworking, that’s the way it’s made — and 
when long service stripes are being issued, the MILNE 
**General"’ is first on parade. Remember, with MILNE blow- 
pipes on the job your men can stand easy! 


Full details from the Quartermaster at: 


Cc. S. MILNE & CO. LTD. 


HARLEY WORKS, OCTAVIUS ST., DEPTFORD, LONDON, S.E.8_ Telephone TiIDeway 3852/3 
Also at 172-174 West Regent Street, Glasgow, C.2, Scotland 





T. 101 
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ELECTRODES 





British Code No. E.217 (BSS.1719) 


Approvals 


Complies with B.S.S. 639 
19§2 (parts one and two). 


BRITISH 


Admiralty— Mild Steel 
Lloyd’s Register of Ship- 
ping (united with British 
Corporation Register) 

All positions. Ministry of 
Transport—All positions. 


NORWEGIAN 
Det Norske Veritas—Mild 
Steel—all positions. Also 
approved for Welding 
“W” and “WW” Quality 


The Gen on Genway 


A high quality, general purpose electrode for 
welding in all positions, has easy manipulation on 
a wide range of joints. The readily removable slag 
from fillet welds exposes perfectly clean weld metal 
free from undercut. 


Genway is one of the most popular of the Invicta 
range and is exported all over the world. 


—_ Write for full details of the complete range of 
Used by some of the largest INVICTA Electrodes, which cover every industrial 
shipbuilding and engineering 
works throughout the world. purpose. 

Member of the Owen Organisation 
INVICTA ELECTRODES LTD., BILSTON LANE, WILLENHALL, STAFFS. TELEPHONE: JAMES BRIDGE 3131 EXTN. 308 
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MODEL ASS 54 \ a fs 
Designed for use with source 


strengths up to 20 Curies Cobalt * 
Electrically operated with safety / 
controls throughout and suitable 
for examinations of thickest 
sections of metal with 
minimum exposure 







RADIOGRAPHIC INSPECTION 
Pioneers in the design and construction of 

Gamma Radiographic equipment, Gamma-Rays Ltd. 
have always had sofety as their predominant 
motive. This is now further emphasized by the 


Rose Tinted glasses are not required for viewing the quality 
of Gamma-Rays products. 


fact that the operation of all standard models is 
controlled by Yale locks, thus preventing 
unauthorized use. With Gamma-Rays equipment 
you have the necessary facilities for making 
non-destructive examinations of all metals, 





whether it be in the form of Welding, Castings 





or other fabrications. The correct technique is 


essential and we give full instruction to your FOUNORY LANES ae nite 
SMETHWICK 40 M. FALK & CO. LTO. 
Staff in its applications. STAFFORDSHIRE |_ Emeico House, Bell Sereer, 
, Telephone Smethwick 0846 7 | Gaigntn, Surrey, Gaguad 
Please ask for a demonstration. Grams: Gamma-Rays Cables: Emefco, Reigate, Surrey 













To Photographic and Radiological Departments: 


A new PU RHYPO 


Silver Recovery Unit 





PURHYPO -— for many years recognised as the simplest 
method of regeneration of the photographic fixer and 
recovery of silver - now comprises a new and simpler 
equipment. 


* recovers the silver 
Just fix the rectifier unit on a wall conveniently near the fixing tank, 
: pperesige ; ¥ saves fixer 

and suspend the electrode assembly in your tank. If fixing space is too 
small, the electrodes can be fitted after working hours, or in a separate * improves fixing time 
reserve tank to which exhausted hypo is transferred for regeneration. 
The deposit on the stainless steel strips of the cathode can be easily 


removed in the form of flakes of pure metallic silver. 


Sole Agents for British Commonwealth: 


D. PENNELLIER & COMPANY 
LIMITED 


28 HATTON GARDEN, LONDON, E.C.1 
Telephone: HOLborn 4064 CHAncery 4681/2 
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Specified hy ee 


ATOMIC ENERGY DIVISION 





Opal Electrodes 


One hundred miles of 


OPAL ELECTRODES 


are being used to weld the reactor pressure vessels of the Hunterston 

Nuclear Power Station in Scotland. 

Opal electrodes have, in addition, been specified for all ducting and 

steam-raising units. 

The special notch-tough steel of the great reactor vessels demanded 

electrodes making welds of similar notch-ductility. Exhaustive tests 

proved DIADEM OPAL electrodes most efficient. 

ONLY Diadem Opal electrodes will be used on site for this project 
over forty tons of them, butt-welding plates three inches thick. 

Have YOU a welding project — large or small? 


COOPER & TURNER LTD. 


MANUFACTURERS OF RIVETS & ARC-WELDING ELECTRODES 


VULCAN WORKS, VULCAN ROAD, SHEFFIELD 9 
Telephone: 42091 Telegrams: Rivets, Sheffield 


ig 
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One of a range of DIADEM ELECTRODES, each designed 
for a specific welding application. You can depend on 


DIADEM }"s 
x 


ELECTRODES 








The Nuclear Power Station to be built 


for the South of Scotland Electricity 
Board at Hunterston by The General 
Electric Co. Ltd. in association with 
Simon-Carves Ltd., Motherwell Bridge 
& Engineering Co. Ltd., and John 
Mowlem & Co. Ltd. 














Welding by 


Ol) Rs: 





The photograph shows welded steelwork ita riite" # vm ad -_ 44 
in course of erection for Messrs. Ferodo Ltd.’s — + bea | Trees a 
: ; oi. “ : ) v0 See 
New Technical Division, at Chapel-en-le-Frith, wo +4 


Derbyshire. This is the first phase mS 
of a three-stage building project for which = 
BOOTHS are fabricating and erecting 


all the steelwork. 





Architects: Messrs. Ashworth & Fletcher, 4 /L.R.1.B.A. 


JOHN BOOTH & SONS (BOLTON) LTD. 


S~UCcreon STV £s42t.F7eeks,..._ 8.064.T @k 


Telephone: BOLTON 1195 
London Office: 26 Victoria Street, Westminster SW 
Telephone 4BBEY 7162 





590900 09000000000000090009900000000000000008 


Illustrated is an 8 position indexing welder with a 
variable speed turntable with a 2 to 1 ratio. Can also 
be used as a single position machine if required, 
complete with its built-in air and timing equipment 
controls. Insert shows single head machine which 


can be supplied in place of the turntable. 


Full details will be sent on request 





HIRST ELECTRONIC LTD ~- GATWICK ROAD, CRAWLEY, SUSSEX - cramer 2572-23 
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the 
electrodes 
for— 


are STAINEES 


‘ENGLISH ELectric’ STAINEES are all position STAINEES ‘M’, is for welding 18/8 chromium/ 
general purpose welding electrodes designed to __ nickel stainless steel, giving a deposit containing 
operate on either A.C. or D.C. approximately 34° molybdenum. 

STAINEES ‘N’ is for welding 18/8 chromium Technical information on ‘ENGLISH ELECTRIC’ 
nickel stainless steel and is stabilised with |STAINEES electrodes is contained in Publica- 
niobium. tion WA/135 which will be sent on request. 


welding electrodes and equipment 
STAND No. N.11 
ELECTRICAL ENGINEERS EXHIBITION 
where ‘ENGLISH Ecectric’ is also showing 
Transformers, Switchgear, Fusegear, Germanium Rectifiers, 
Control and Electronic Equipment, Meters, Relays, 
Instruments, Industrial and F.H.P. Motors. 


THE ENGLISH ELECTRIC Company LIMITED, MARCONI House, STRAND, LONDON, W.C,2., 
Welding Electrodes Division, Clayton-le-Moors, Accrington, Lancs. 


WAE. 9€7 WORKS: STAFFORD + PRESTON * RUGBY * BRADFORD + LIVERPOOL + ACCRINGTON 
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The wisest choice 


... in the long run 


For large work or small, seam welding or spot welding, 
there is no better electrode than a MALLORY—and no 
better electrode material than MALLORY 3. 
Production engineers know that when they buy 
MALLORY they buy not only metal but efficient welds 
and long, trouble-free service—and this is true economy. 


Booklet 1200, **Mallory Resistance Welding”, is free on request 


Johnson 
Matthey 


JOHNSON, MATTHEY & CO., LIMITED 
controlling 
MALLORY METALLURGICAL PRODUCTS LTD 
73-83 HATTON GARDEN, LONDON, E.C.1 
Telephone: Holborn 6989 
Vittoria Street, Birmingham, |. Telephone: 8004 
75-79 Eyre Street, Sheffield, | Telephone: 29212 
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FIRST IN THE FIELD—AND STILL IN THE LEAD 
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The Power House of Tomorrow— 
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BUILT WITH 
THE POWER UNIT 
OF TODAY 


Lincotn evectric COMPANY LIMITED, the largest manufacturers of D.C. Welding Equipment 
in the United ’ ingdom, proudly announce that they have been privileged to supply a large number of 
their SAE 300 amp and SAE 600 amp Motor Generators (to provide current for Class | pressure vessel 
welding) to Messrs. John Thompson (Wolverhampton) Limited, who are constructing the pressure 
vessels at the 275 MW Nuclear Power Station being built by the A.E.I.—John Thompson Nuclear 
Energy Co. Ltd. for the Central Electricity Authority at Berkeley, Gloucestershire. 
The Lincoln SAE 300 and SAE 600 Motor Generators are motor-driven welders with self-indicating 
dual continuous control and a selection of any type and size of arc for every job. The self protected 
motor permits sustained operation at a high current. 
Ultimately 80 of these famous Lincoln Electric Company Limited’s power units will be providing 
current for high-class welding on the Berkeley Nuclear Power Station project. 
For full details of the Lincoln Electric range of D.C. Generator Units—from the SA 150 amp work- 
Shop ‘Junior’ to the SAE 900 amp for large Lincolnweld installations please write to: 
LINCOLN ELECTRIC CO LTD: WELWYN GARDEN CITY - HERTS - WELWYN GARDEN 920 (5 lines) 4581 (5 | oy 
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Come back 


agaln... 


O a re-assessment of Resin Bonded 
Belts for Metalworking now that Behr 
Manning have produced one that is so 
much improved it outdates all previous 
omparisons! Measure these improved 
esin bonded belts on their rate of cut 


length of life—that is your basis of 


Because improved Behr-Manning Resinall 
Metalite Belts have a double bond of 
hermo-setting resins immune to grinding 


eat, rigid holding the abrasive grains 





eir work, you will find they show 
romies on many jobs—partic- 
production, extremely rugged 

Try them and see for your- 

self—see your Norton Representative or 


write to us at Welwyn Garden City 


*BEHR-MANNING 


Resin Bonded Belts 
will save you money 


BEHR-MANNING Coated Abrasives 


Made by Behr-Manning Ltd. Belfast, and Marketed in the U.K. by their associated Company 


NORTON GRINDING WHEEL CO. LTD. 


COATED ABRASIVE DIVISION, WELWYN GARDEN CITY, HERTS. Telephone: WELWYN GARDEN 4501 (10 lines) 


NORTON and BEHR-MANNING factories also in Argentina, Australia, Brazil, 
Canada, France, Germany, Italy, Northern Ireland, South Africa and U.S.A. 


BEHR:-MANNING 
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JOINING OF METALS CONFERENCE 


The Wetting and Spreading of Liquid Metals 
on Solid Metal Surtaces 





\ CONFERENCE on this subject was organized by the Department of Industrial Metallurgy at the 
University of Birmingham, on 2¢th September, 1967, under the Chairmanship of Professor 
E. C. Rollason. The papers presented at the Conference were: (1) ‘‘A Survey of the Scientific 
Principles Related to Wetting and Spreading’, by D. R. Milner (Dept. of Industrial Metallurgy, 
University of Birmingham); (2) ‘‘The Influence of Alloy Composition and Brazing Conditions on 
the Spread of Brazing Alloys’’, by A. Cibula (British Non-Ferrous Metals Research Association) ; 
(3) ‘“The Use of Fluxes to Promote Wetting and Spreading’’, by Dr. J. C. Chaston and M. H. 
Sloboda (Johnson, Matthey and Co. Ltd.); (4) ‘‘Brazing in Controlled Atmospheres and in vacuo’’, 
by FE. V. Beatson (Jose ph Lucas Ltd.). Two of these | upers are published in this issue of the Journal 
und the remaining two will appear in subsequent issues. 


OPENING 
By E. C. Rollason, M.Sc., 


LTHOUGH many scientific and technical problems 
remain to be solved, most metals can now be 
welded or brazed fairly satisfactorily, but this 

has only come about as a result of over half a century 
of steady development accelerated by periods of in- 
tense activity during the two wars. Between the wars 
the technical difficulties encountered were only solved 
slowly in the light of experience and largely on an 
empirical basis. The advent of the Second World War, 
and the subsequent development of rockets and the 
atomic energy application, focused attention on the 
need for a more scientific background for metal 
joining, and for the creation of an analytical system of 
laws and rules which could be exploited to predict 
solutions to problems with less dependence on trial- 
and-error methods. Many applied sciences such as 
mechanical and electrical engineering have, in this 
respect, already attained a mature state of develop- 
ment, and metallurgy is rapidly changing into a tech- 
nological science in its own right. In metal joining the 
change from the trial-and-error approach to a science 
is just now beginning, its slowness being largely due 
to the fact that so many of the metal joining problems 
draw on an even wider variety of principles than 
metallurgy, and that the short-time heating intervals 
and rapid cooling result in incomplete reactions in 
welds whilst temperature gradients in the plate can 
cause other troublesome changes. 

The universities are naturally interested in the 
development of scientific principles by the prosecution 
of fundamental research. In fact, the teaching of an 
advanced subject will have inspiration and authority 
only when the lecturers are making new additions to 
knowledge, and when students live in an atmosphere 
of active research and discussion. For many students 
the most valuable part of their university training is 
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when they are research students. Prior to graduation 
the students have been largely acquiring knowledge: 
the research training involves, amongst other things, 
the application of the knowledge already acquired, 
the art of critical thinking, and the use of the scientific 
method of solving problems and developing an 
analytical system of laws and rules. 

Metal joining has long been one of the Cinderellas 
of applied science, although no one can deny the 
importance of a sound and thorough knowledge of 
joining processes and problems, since the usefulness 
of a metal to a large extent depends on the ease and 
efficiency with which it can be joined. In the final year 
of the undergraduate course at Birmingham Uni- 
versity, increased time is being given to teaching the 
basic principles underlying the joining processes 

In research, as is well known, Birmingham Uni- 
versity has for some years now been active in the metal- 
joining field, having had research teams which have 
made significant contributions to the welding of low- 
alloy steels and to the problem of the hot-cracking of 
the light aluminium alloys. At the present time, an 
active research team of six members exists, who are 
engaged in investigations of pressure welding, of the 
reactions which take place between the gas and the 
molten metal melted under an electric arc, and of 
brazing. 

In these days of ever-widening technological and 
scientific development, specialization is inevitable, but 
this also creates a problem. The industrial metallurgist 
or engineer is finding it increasingly difficult to keep 
abreast of developments in the theoretical field, and 
yet a man who wishes to know only facts, and who is 
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not interested in causes and reasons, will find the facts 
multiplying in number and increasing in complexity 
to a point beyond his capacity. On the academic side, 
too, an isolation tendency can develop as the work 
tends to progress along theoretical lines. Thus, a 
widening gulf can form between the academic metai- 
lurgist and his industrial counterpart. 

With the object of bridging the gulf between theory 
and practice, and to allow cross-fertilization of ideas, 
the Department of Industrial Metallurgy at Birming- 
ham hopes to make a contribution by bringing to- 
gether industrialists, research workers, and teachers in 
the joining of metals field, by means of occasional 
conferences. The Conference at which the following 
papers were presented was the first of these. It was 
hoped that the experience gained over many years by 
industrialists could be discussed and analysed, so that 
the more important gaps in knowledge could be de- 
fined and thus aid the University in formulating its 


A SURVEY OF THE 


SCIENTIFIC 


PRINCIPLES RELATED TO WETTING AND SPREADING 


research programmes. The University in turn hoped 
to provide a useful stimulus to industry by presenting 
the simple theoretical principles, and showing how 
modifications and assumptions were needed to cover 
the complex practical conditions. 

The subject of “The Wetting and Spreading of 
Liquid Metals on Solid Metal Surfaces” was chosen 
partly because it is one in which the Department has 
taken an interest (it has carried out some research in 
the field of aluminium brazing and is now working on 
other metals), but largely because it is a subject which 
is now becoming of special interest, in that many of 
the new advances in the engineering field are depen- 
dent on sound brazing techniques and good metal- 
lurgical joints. 

The four papers which were presented at the Con- 
ference represent the different view points of the 
University, a research association, the purveyor and 
the user: each has a different approach to the subject. 


PRINCIPLES RELATED 


TO WETTING AND SPREADING 
By D. R. Milner 


SYNOPSIS 


THe phe mena wetting and sj 
iidered ts. Classical 


quid surfaces and the rate 


yreading are of prime importance in the formation of brazed and 
hysical and chemical principles lead to equations governing the shape of 


f filling of a capillary gap in non-interacting systems. However, the 


extension of theory t practic al systems necessitates the consideration of a number of complicating 
Ox removal is essential, and is obtained by a reduc ing atmosphere, heating in a vacuum, 

fluxing. Reduction of pure metal oxides by hydrogen or carbon monoxide has a sound thermo 
dynamic basis, but further information is required on the behaviour of alloys and on the temperature 
range for which the reaction operates; the scope and mechanism of ‘vacuum cleaning’ are yet to be 
determined; fluxes remove the initial oxide film but probably do not entirely prevent further 
reoxidation. The use of a flux may also modify wetting and filling of a joint, by electro-chemical 


reactions between the base and filler metal with the flux acting as an electrolyte, by the phenomenon 


i electro 


capillarity in which layers of ions change the surface free energy, and by simple sub 


stitutional reactions in which an element in the flux is deposited on the surface of the base metal. 


Alloying between the filler metal and base metal can be an important interaction, radically 


iffecting joint filling by altering the surface tension, viscosity, and melting point of the filler metal. 


Surface roughness can have a marked effect; the limited amount of evidence available suggests that 


actual area of a surface can be increased six times by roughening, a contact angle of up to 80 


eing reduced to zero 


Although the observations of experience can be fitted into a general framework of principles, 


nuch more information is required before the 


interacting systems) and a theory applicable to 


satisfactorily bridged. 


the result of an empirical approach to the solu- 

tion of problems as they have arisen, with 
relatively little effort devoted to the development of 
the underlying scientific principles. There are a number 
of contributory reasons for this way of progress, not 
the least being the complexity of the subject. It does 
mean however, that welding engineering is at a less 


Prien day metal joining practice has evolved as 
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gap, between the simple theory (assuming non- 
the conditions which pertain in practice, can be 


mature state of development than the allied subjects of 
mechanical and electrical engineering and metallurgy. 
However, a transition from the empirical approach to 
the development of an analytical basis for the subject 
must take place, and the first stage of this transition is 
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the evaluation in scientific terms of the techniques and 
observations now accepted as a result of many years’ 
experience. As with the other applied sciences, welding 
engineering will involve the extension and combina- 
tion of precise physical and chemical laws to describe 
the behaviour of matter under complex technological 
conditions. 

The work of the British Non-Ferrous Metals Re- 
search Association has shown that a better under- 
standing of soft soldering practice can be obtained by 
the application of physical theories of surface tension 
and fluid flow, and the present survey will often refer 
to this work. However, although the foundations for 
an understanding of the phenomena of wetting and 
spreading, as they occur in brazing, are available from 
physics and chemistry, the theory is far from complete. 
The reason for this is that the simple classical theories 
of surface tension and fluid flow implicitly assume that 
no interaction occurs between the liquid and the solid, 
whereas in all practical soldering and brazing systems 
some interaction does take place and can be of over- 
riding importance. Also, the simple theory assumes 
plane, clean surfaces; the first of these conditions is 
definitely never obtained in practice, and although 
considerable efforts are made to remove surface films, 
the efficiency of at least some of the methods used is in 
doubt. Finally, if fluxes are used, particularly complex 
interactions can occur, which involve chemical and 
electro-chemical reactions in molten salts. 

With the present state of knowledge it is only possible 
to set out the theory of non-interacting systems and 
then to compare the assumptions involved with typical 
practical conditions, where possible estimating the 
order of magnitude of the difference. This is the 
approach used in this survey, which is not intended to 
be an exhaustive review of available literature, but 
rather an attempt to present the important factors and 
the limitations of the simple theory, and thus to show 
where further data are most needed. The other three 
papers in this series make valuable contributions 
toward rectifying this lack of knowledge. 


WETTING AND SPREADING IN NON-INTERACTING 
SYSTEMS 

An analysis of wetting and spreading is dependent 
upon two theories: the first is essentially a static or 
thermodynamic theory, which defines the shape which 
the liquid will attempt to achieve, in order that the 
system as a whole shall have a minimum surface free 
energy; whilst the second theory is concerned with the 
dynamics, or rate at which the liquid will approach 
this final state. At first sight the dynamic analysis may 
suggest that the time required to fill a joint is insigni- 
ficant compared with the overall time of the brazing 
operation, but when rapidly occurring interactions, 
such as ailoying between the base and filler metals, are 
considered, it is found that a knowledge of the para- 
meters which determine the rate of liquid flow is 
important. 
Surface Tension Theory 

The atoms and molecules in a solid or liquid are 
held together by forces of mutual attraction; in 
general, these forces exist in all directions around the 
atoms so that at a surface there are ‘unsatisfied’ forces 
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Fig. 1—Surface tensions at various temperatures for the lead—tin 


system. (From Bircumnshaw*) 


which result in a ‘free energy’ of the surface. A liquid, 
being mobile, will always take up a shape for which 
this surface free energy is a minimum, as seen in the 
contraction of small quantities of liquid to form 
spherical drops. With larger quantities of liquid, the 
gravitational potential energy must also be considered 
when determining the minimum-energy configuration. 
In addition to minimizing the surface area of the 
liquid, the atoms and molecules in the surface layers 
will arrange themselves so as to give the minimum 
overall energy, i.e. internal bond energy plus surface 
free energy. This means that the characteristic surface 
energy of a substance depends markedly on the type of 
bonding, being lowest for strongly directional covalent 
bonding, where the molecules orientate to turn the 
strongest bonds inwards (15-40 dyn/cm for most 
organic liquids), and highest for relatively symmetrical 
metallic bonding (300-1000 dyn/cm for liquid metals) 
Ionic compounds, such as molten salts and oxides, 
have surface energies between those of organic liquids 
and those of molten metals (SO—200 dyn/cm). 

The reorientation of molecules near the surface 
means that the surface layers will have a different 
atomic arrangement from the bulk of the liquid, and 
the chemical composition may also be different, owing 
to the preferential segregation of impurities, alloying 
elements, and absorbed vapour. Since, in the soldering 
and brazing field, the liquid metal is never pure, it is 
necessary to have some knowledge of this effect. The 
generally accepted theory is that the constituent which 
has the lowest surface free energy in the pure state will 
segregate to the surface of the mixture.' There is little 
information available which has any bearing on metal 
joining practice except for the work of Bircumshaw,? 
who measured the surface free energies of the lead—tin 
system; some of his results are reproduced in Fig. 1, 
and they show clearly that small amounts of the lower 
surface-energy constituent, lead, have a marked effect 
when added to tin, but that tin has little effect when 
added to lead. 

An example of the effect of adsorbed vapour arose 
from the work of Bailey and Watkins,* who were seek- 
ing to explain the observation that the contact angle of 
a lead-copper liquid against a copper surface was 
greater than zero, when surface tension data showed 
that it should be equal to zero. These workers found 
that lead vapour is adsorbed on copper surfaces, re- 
ducing the surface energy to about 780 dyn/cm, as 
opposed to its normal value of about 1800 dyn/cm. 
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(a) 0 90 , no wetting or de- 
wetting: (5) @< 90 >0O , suitable for joint filling: (c)@—0 , 
the necessary condition for a stable coating and the most 
suitable for joint filling 


Fig. 2 


Typical contact angles 


The free energy of a solid surface is very difficult to 
measure, and few reliable results are available, but a 
imilar relation probably exists between the values for 
with different bond characteristics. The 
values for solid metals are probably similar to those 
for the liquid, bearing in mind that the surface energy 
decreases with increasing temperature (being of course 
ero at the critical temperature) 

Calculations on the behaviour of liquid surfaces are 

de either by considering energy changes involved 


ibstances 


en a surface moves, or by invoking the concept of 


irface tension. When a liquid is in contact with a 
olid, the liquid molecules adjacent to the solid are 
icted on by the forces of the solid as well as the forces 
owards the liquid bulk. Thus, the liquid surface will 
xe curved at the line of contact with the solid, and a 
curved liquid surface can only exist if there is a pressure 
difference across the surface. An analysis can be made 
to determine the conditions for the equilibrium con- 
iguration by applying the principle of virtual work 


(see for example Newman and Searle)*. Thus, the total 
tential energy is summed, i.e. the surface free 
nergies of liquid and solid and the interfacial liquid 
olid free energy, together with the gravitational 
»otential energy of the liquid; the minimum value is 


hen determined by the fact that at equilibrium the 
work done by all forces during a small displacement is 
qua! to zero. This analysis leads to two well known 
esults: first, that the surface and interfacial energies 
ire related by the equilibrium angle of contact of the 
liquid at the solid @,by the equation: 


Vs ? Lis " cos 6 ‘ ‘ { 1) 


(where S stands for solid and L for liquid); and 
secondly, that the pressure difference p, across the 
curved liquid surface is given by: 


l I 
P (> +7} 2 «eee 
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where r, and r, are the radii of curvature of the surface. 
The equilibrium contact angle has particular practi- 
cal value, since it is very difficult to measure the solid, 
or the solid/liquid, free energies, and the necessity for 
a knowledge of these can often be circumvented by the 
measurement of the contact angle. Two techniques are 
usually employed for the determination of contact 
angle. The first involves quenching and measurements 
on a spread drop, and may result in some error on 
cooling and difficulty in determination of the angle 
exactly at contact. A better method is to immerse a 
plate of the solid in a bath of the liquid and then tilt the 
plate until the liquid surface is seen by optical tech- 
niques to be perfectly flat up to the plate; the inclina- 
tion of the plate to the horizontal is then equal to the 
contact angle. Depending on the relative surface and 
interfacial tensions, the contact angle can be less than 
90°, greater than 90°, or 0° (see Fig. 2). If the liquid is 
to flow over and completely wet the solid surface, as in 
dip coating, then a contact angle of 0° must be 
achieved, whereas if liquid is to fill a brazed joint a 
contact angle of less than 90° is potentially useful. In 
soldering and brazing it is the force which is available 
to drive the liquid into the joint which is of prime im- 
portance. The value of this force can be readily deter- 
mined from equations (1) and (2). Thus, consider a 
liquid between two parallel plates, as in Fig. 3; in order 
to satisfy equation (1) the liquid surface must meet 
each plate at the characteristic contact angle. This 
entails the liquid surface being curved, and therefore 
according to equation (2) a pressure drop will exist 
across the surface, which can be calculated if the radii 
of curvature are known. For liquid between parallel 
plates, the shape of the liquid surface approximates to 
a section of a cylinder, radius r,— D/2 cos @, while r., of 
course, is infinity. Hence the pressure drop across the 
liquid surface is given by: 
2Y, cos @ 


——- (3) 


© D 


and this provides the force driving the liquid through 
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Fig. 3—Geometry of a liquid surface in a capillary gap between 
parallel plates 
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the gap between the two plates. If the plates are verti- 
cal, the liquid will rise until the pressure drop is 
balanced by the hydrostatic pressure of the column of 
liquid, hpg, where A is the height of the column of 
liquid, p the density of the liquid, and g the accelera- 
tion due to gravity. The equilibrium height of rise is 
attained when these two forces balance, and is there- 
fore given by: 


he ————— oe 


Fluid Flow Theory and the Filling of a Joint 

While surface tension theory allows the force driving 
the filler metal into a joint to be calculated, it is 
necessary to turn to fluid flow theory to determine the 
resistance against which the force has to work. If this 
resistance can be determined, it is then possible to 
determine the parameters which govern the time of 
joint filling. 

Fluid flow is a complex subject, in that no rigorous 
mathematical analysis can be carried out, and know- 
ledge has been advanced by a combination of mathe- 
matical generalization and critical experimentation. 
Even so, most work has been concerned with the 
continuous flow of fluid, and it is possible that this 
may differ from the ‘once and for all’ flow of filler 
metal into a joint. Since this analysis is not as well 
known as surface tension theory, it will be presented 
in some detail. 

When a liquid flows through a pipe, it is found that 
the relation between the driving pressure and the rate 
of liquid flow is as shown in Fig. 4. At the low flow 
rates, the flow is linearly related to the pressure; then 
there is a transition, after which the flow is more nearly 
proportional to the square root of the pressure. In the 
linear region the flow is laminar or streamline, with 
the velocity proportional to the square of the distance 
from the tube wall; at high flow rates the flow is 
turbulent, with the velocity uniform except near the 
tube walls (see Fig. 5). Experience and intuition suggest 
that the pressure and flow rate are related via the 
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Fig. 4—The pressure /flow relationship for flow through a pipe 
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Fig. 5—Velocity profile across a tube, (4) laminar flow, (3) 


turbulent flow 


viscosity », the density p, and the radius of the tube, r. 
Although, as stated, it is not possible to carry out a 
rigorous analysis, the method of dimensions may be 
applied to suggest various relationships between these 
variables (see, for example, Porter). One of the most 
useful forms in which the results can be expressed is 


dp ed ¢ (24) 


(5) 
d/ ~~ rn 


where dp/d/ is the pressure gradient along the tube. 
The problem is then to find the function f. For the low 
flow rate region it is found, as will be shown, that f is 
the inverse function to the first power, so that: 
? 7 
4 t . . . ‘ ° . (6) 
At high flow rates f(pq/rn) approaches a constant 
value, and the flow rate is then determined by the 
density, as opposed to the viscosity. The dimensionless 
group of terms (pq/rn), which is more conveniently 
expressed for present purposes in terms of velocity 
i.e. (vrp/n), is called Reynolds number, and of parti 
cular importance is the value at which the transition 
from streamline to turbulent flow occurs, which for 
flow between smooth boundaries is about 1000 
Exactly the same principles apply to flow between 
plates, except that r, the radius, is replaced by D, the 
joint gap. A point which will be seen to be pertinent to 
brazing is that, even for streamline flow, there is 
turbulence at the tube entry for a distance of about ten 
times the tube radius, as though the liquid needs this 
distance in which to settle down to steady flow condi- 
tions. Since in brazing practice the joint gap D is 
small, it would be expected that Reynolds number 
would be below 1000, and therefore that, if joints filled 
under the same conditions as those prevailing during 
continuous flow, then streamline flow would occur. 
Pure laminar or streamline flow cannot in fact take 
place, because it would be impossible to fill a joint 
with liquid which has zero velocity at the periphery 
What in fact must happen is that the joint fills with 
liquid which has a higher velocity at the centre, so that 
at the liquid front there is turbulence with radial flow 
from the centre to the walls. However, this turbulence 
may Only exist for a similar distance at the liquid front 
as it does at the joint entry (about 10 D), so that most 
of the flow would be streamline. If this assumption is 
correct, then an accurate calculation can be made, as 
there is an exact theory of streamline flow due to 
Newton and to Poiseuille. 
The application of laminar flow theory to the filling 
of capillary tubes was first made by Washburn,* who 
in effect made a calculation for the volume rate of flow 
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Fig. 6—Flow between parallel plates 


of liquid under steady-state conditions, divided the 
volume rate of flow by the area to obtain the mean 


velocity, and then assumed that this was the rate of 


advance of the liquid front. The calculation for the 
filling of a joint between horizontal parallel plates is 
given below. 


Newton showed that the resistance F to motion of 


the liquid was caused by viscous friction between layers 
moving at different velocities, and could be expressed 
as 

di 


4 
F=» — per unit area 
dy 


vhere uw is the velocity, and y the direction perpendi- 
cular to the motion. Poiseuille then showed that at the 
boundary walls the liquid was always at rest. Combin- 
ng these two concepts, consider unit width of liquid 
flowing through a joint under a pressure P per unit 
[hen taking a section of height 2y (see Fig. 6), the 

rce causing this section of liquid to flow through the 
’yP, while according to Newton’s law the 
yrce is 2n/(du/dy). Under steady-state condi- 


t ing i 


ions these must be equal but opposite, so that 
lu 
2yP= —2nl — 
dy 


ntegration gives 


2 =7° { 

} P un K 
ding to Poiseuille, at y=D/2, u=0, hence 
D*’4, and the velocity across the tube is given by: 


p 
(D?/4—y?) rae 
( 2nl 
he volume rate of flow (dV/dz) is given by integrating 
> velocity across the cross-section of the joint: 
dv. pi 


: pe | ud) 
ar 0 


4 
-) 


iting for wu from equation (7) and integrating 
dV _ PD’ (8) 
dt 12»/ 

It is then assumed that the liquid front will advance at 

a rate (d//dr) given by the mean velocity of flow, i.e. : 

dl_1 db 

d¢ Ddt 


Substituting from equation (8), integrating, and putting 





/=0 at t=0, the rate of joint filling is given by 
Pp PD*t ws Se ee ae ee 
6» 
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When liquid is filling a joint gap, the length /, and 
hence the retarding force, is changing, and the liquid 
initially at rest consequently accelerates to a maximum 
and decelerates as / increases. Rideal’ refined the cal- 
culation to take account of the variation in the retard- 
ing force and obtained as a result a series expression, 
which however reduced to Washburn’s result except 
for very small and for large values of the distance of 
penetration. 

It now remains to obtain the value of the pressure 
from surface energy considerations. If liquid advances 
a distance d/ along unit width of joint, then 2d/ of the 
solid has become covered by liquid, and the change in 
surface free energy is: 

4%s— zs) dl 
and since this is equivalent to the work done, the force 
must be given by: 


and the pressure by 


But from equation (1), (ys—yz,s) is related to the sur- 
face energy of the liquid and the equilibrium contact 
angle by 


Ys—Yps=¥,_ cos é 


therefore, substituting in equation (9), 


3, 


— P 
Y;, cos 6D 


? 





(10) 


It is important to note that @ is the equilibrium con- 
tact angle; reference is sometimes made to the 
‘contact angle’ of the moving liquid, but as the above 
argument shows this is determined by complex flow 
conditions occurring at the liquid front. A similar cal- 
culation can be carried out for the filling of a vertical 
joint, where the driving pressure has opposing it the 
hydrostatic pressure of the increasing column of 
liquid, as well as viscous friction. Thus, 


2¥;, cos @ 


D8! 








P 


For this case the result is : 


l2n 2¥ i COS 0 pg D' 
ds | pgl1D —2y, cos @ log, { a 


—_ (11) 
p*g? D*® %4 


2Y, cos 0 | 

It is also possible to extend the analysis to take 
account of a flux flowing out of the joint as the filler 
metal flows in.* The retarding viscous force n/(du/dy) 
is then replaced by [n(1—x)+-,x](du/dy) where 


”, = Viscosity of the liquid metal 
n, = Viscosity of the flux 
L Total joint length 
x Distance the filler metal/flux interface 
has advanced after time /. 
Otherwise the calculation is as before. 


Unfortunately, there is very little evidence from the 
brazing field which can be used to verify the rate of 
joint filling as given by equations (10) and (11). 
Washburn® and Rideal’ applied the formulae to the 
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determination of the surface tension of water and a 
number of organic liquids by measuring the time of 
flow along known lengths of glass capillary tube, and 
obtained results which agreed well with the accepted 
values determined by other methods (in the case of 
water the result was correct to within 1°). However, 
it would appear that these workers found it necessary 
to run the liquid up and down the tube several times 
before carrying Out an experiment, and this may well 
have had a marked influence on the flow character- 
istics. 

The only evidence which is more relevant is available 
from the work of Latin,* who measured the time of 
flow of a variety of soft solders into joint gaps between 
tinplate sheets and between high-conductivity copper 
plates. Owing to the lack of knowledge of the proper- 
ties of the fluxes, Latin was unable to take account of 
the resistance to flow of the flux, and therefore com- 
pared his results with the predictions of equation (10). 
The results he obtained are very interesting. For the 
case of tinplate the experiments were carried out at a 
temperature at which the coating was molten and the 
time of joint filling was the same as that predicted 
theoretically (the flux could not therefore have offered 
much resistance). With flow between copper sheets, 
however, the rate of flow was only half that predicted. 
There appear to be two possible explanations for this 
difference: the first is that the equilibrium contact 
angle of solders against copper is about 60°, but Latin 
had in fact measured this previously,* and shown that 
at the temperatures at which the joint filling tests were 
carried out the contact angle is small if not zero; the 
second explanation is that the type of flow is condi- 
tioned by pre-wetting of the surfaces. Later in this 
survey it will be shown that in some systems, e.g 
aluminium brazing, the rate of flow may be critical and 
if pre-wetting does increase the flow rate then it may 
be possible to apply this to advantage (if it is not 
already inherent in present techniques). Latin’s work 
shows that for soft soldering at least, theory predicts 
rates of flow of the correct order, but more information 
would be required from other systems, particularly for 
high-temperature brazing, before it would be safe to 
draw any general conclusions. 

Two further points arise from equation (10). First, 
the rate of flow is increased by increasing y cos @/ and 
in fact this group of terms was called by Washburn the 
‘penetration coefficient’. Secondly, the larger the joint 


Table I 
SURFACE TENSION, VISCOSITY, AND TENSION 
OF SOME METALS 





| 

| | Surface 

Metal Tempera- | Density, Viscosity, | Tension, 

| ture,°C | gicm* | centipoise dyn/cm 
Cadmium | 350} 8-0 2-4 586 
Copper 1200 8-9* 3-4 1160 
Lead 400 | 10-5 2-3 438 
Silver | 1000 | 93 3:9 923 
Tin i> Se Sf 24 1-7 $26 
Zinc 500 6-6 3-7 798 











* Room temperature value 
The above values have been selected from the tabulated data given in 
Adam,' Lyon'® or Smithells 
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Fig. 7—-Comparison between the rate of filling with liquid copper 
of a horizontal joint and a vertical joint between steel 
plates, assuming no interaction 


gap the quicker it fills, a fact which may be of con- 
siderable significance in the determination of optimum 
gap sizes. 

One of the assumptions on which this theory is 
based is that Reynolds number is less than 1000, that 
is, within the limits for continuous streamline flow. It 
is now possible to verify this assumption, using the 
velocity of advance of the liquid front given by 
equation (10), viz., 

d/ ¥,cos@D 


dt —- 6 


vDp Y, cos 6D; 
Reynolds number= — ane 2 le 
- T 6n?/ 


Considering, as a typical case, the filling of a joint 
gap of 0-012 cm (about 0-005 in.) with a penetration 
distance of 0-5 cm, then inserting appropriate values 
(see Table I), for tin filling a joint between sheets of 
tinplate, the Reynolds number=~600. For the case 
of copper filling a joint between mild steel plates, the 
Reynolds number=~450. 

In these examples the Reynolds number is therefore 
below 1000, but nevertheless of the same order of 
magnitude, so that if for example the joint gap had 
been taken as 0-025 cm (0-010 in.) the Reynolds num- 
ber would have been 2600 for the case of tin and 1950 
for copper. Equally well, if a system had been chosen 
which required a contact angle of say 60°, then 
Reynolds number would be less than 1000 even for 
the 0-025-cm gap size. The general conclusion to be 
drawn is that an analysis of joint filling based on the 
assumption of laminar flow may be correct, but that, 
in view of the very limited amount of experimental 
data available, not all of which is affirmative anyway, 
the assumption must be treated with caution. If the 
liquid fills the joint by turbulent flow, the time of joint 
filling becomes difficult to calculate, but even if it were 
ten times that for streamline flow it would still be very 
rapid, as will be shown in the following section. 


WETTING AND SPREADING IN PRACTICAL SYSTEMS 
The theory of non-interacting systems provides the 
foundation stone on which it is necessary to develop a 
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theory pertaining to practical soldering and brazing 
conditions. However, before turning to the complexi- 
ties of actual systems, it is instructive to consider a few 
examples in order to determine the magnitude of the 
predictions of the simple theory. First, if the equili- 
brium heights of rise in a vertical joint are determined 
for the same conditions as those considered for the 
calculation of Reynolds number, Le. tin between 
sheets of tinplate and copper between sheets of mild 
steel, then it is found from equation (4) that tin will 
rise up a 0-012-cm gap to a distance of 13 cm, and 
copper to a distance of 22 cm. Second, considering the 
time required to fill a horizontal joint as given by 
equation (10), and taking again a gap width of 0-012 
cm, and a joint length of 2 cm, then in both cases the 
joint filling time would be about 3 x 10-*s. Finally, a 
comparison is made between the rate of filling of a 
horizontal and a vertical joint in Fig. 7, again for 
copper between mild-steel plates, but this time with 
a relatively large gap of 0-025 cm. There is little differ- 
ence between the rates of filling until the vertical joint 
attains half the equilibrium height, which even for this 
relatively disadvantageous case is more than adequate 
for practical purposes. It is clear then that, if inter- 
actions could be prevented, or at least limited, joint 
filling should present no difficulties; if an interaction 
cannot be reduced to a reasonable level, it may be 


possible to improve the situation by modifying one of 


the other parameters 

The simple theory implicitly assumes that solids and 
liquids have intrinsic surface energies that do not 
change when they are brought into contact. In practice 
these surface energies can be markedly altered by the 
presence of surface films and oxide layers, and although 
steps are taken to remove them, it is not known to 
what degree success is obtained. The necessity for the 
removal of surface films can be readily seen, since the 
pressure driving the liquid into the joint is increased, 
ind the time of filling decreased, by increasing y,; cos 6 
equations 3 and 10). But from equation (1) y; cos @ 

s~Yzs). While the value of y,;,¢ is difficult to de- 
termine, ys for a clean metal could be of the order of 
500 dyn/cm and for an oxidized surface 150 dyn/cm; 
or a greasy or graphitic surface (e.g. machined cast 
iron), 50 dyn/cm would be a reasonable value. Clearly, 
as ys decreases, y; cos @ is likely to be less and may 
even be negative, resulting in a corresponding decrease 
in the driving force. 


THE REMOVAL OF OXIDE FILMS 

It follows that if the liquid filler metal is to wet and 
flow over the base metal, any intervening oxide layers 
must be removed, but this is not always easy to achieve 
and oxide removal often presents a problem. Three 
methods are used in practice: heating in a reducing 
atmosphere, heating in a vacuum, and fluxing with 
molten salts. Since each of these methods utilizes 
different fundamental principles it is necessary to 
consider them separately. 
Reduction in Hydrogen or Carbon Monoxide 

A reducing atmosphere is obtained by burning 
hydrocarbon gases, such as town’s gas or controlled 
mixtures of acetylene and air as in the welding torch, 
or by ‘cracking’ ammonia into its elements. In all cases 
the active reducing constituent is hydrogen or carbon 


BRITISH WELDING JOURNAL 





TO WETTING AND SPREADING 


monoxide, but since the same principles are common 
to both systems, only reduction of oxides by hydrogen 
will be considered to illustrate the processes involved. 
If a metal and its oxide are both present in a closed 
vessel containing hydrogen and water vapour then, 
providing the temperature is high enough, the hydro- 
gen will reduce some of the oxide and the water vapour 
will oxidize some of the metal; thus, considering the 
specific example of copper, the following reactions 
would take place: 
H, Cu,O 
H,O 2Cu 


H,O 2Cu 
Cu,0 H, 

These reactions will take place at a rate dependent 
on the concentrations of hydrogen and water vapour, 
and these will alter until both reactions are taking 
place at the same rate, after which the H,/H,O ratio 
will remain constant at the equilibrium value given by 
Py,/PHoo= const., where Py, is the equilibrium partial 
pressure of hydrogen and P},,,_ the equilibrium partial 
pressure of water vapour. If the container is now fitted 
with an inlet and an outlet, and fresh hydrogen flows 
through to sweep away the mixture already there, then 
providing the new hydrogen contains less water vapour 
than the equilibrium amount, the reaction 


H, Cu,O0 H,O 2Cu 

will take place owing to the tendency to restore equili- 
brium, and the oxide will thus be reduced. The im- 
portant quantity which it is necessary to know in order 
to be able to reduce the oxide is therefore the critical 
value of the ratio H,/H,O, i.e. the dryness of hydrogen 
which has to be attained before reduction will take 
place; this can be obtained by the application of 
chemical thermodynamics. 

When a chemical reaction takes place, changes in 
energy are involved, the magnitude of which are 
dependent on the initial states of the reactants. These 
energy changes have been determined and tabulated 
for a number of standard reactions, and it is the pur- 
pose of chemical thermodynamics to relate these 
energy changes to the equilibrium concentration of the 
constituents of the reaction. In this case the relevant 
relation is given by: 

4G= —RT log, k 
where 4G is the free energy change which occurs when 
one g-mol of hydrogen reacts with copper oxide to 
form water vapour, k is the equilibrium constant, 
which for the reduction of metal oxides by hydrogen 
is, as stated earlier, given by Py,/Px,0. 

Inserting the value of R and changing to log). 
Pu.o 


H, 


(12) 


k 


4G 

antilog a5757 

so that if 4G is known, k can readily be found. The 
value of 4G can be found from tables,” but it is not 
given directly in the form associated with reduction of 
an oxide and has to be obtained by combining the 
quoted values for the formation of the oxide and of 
water vapour. Thus, 4G, and 4G, are known for the 
reactions 


2H,+O, -» 2H,O (4G,) . G3) 
2Cu,0 + O,+4Cu (4G,). (14) 
MARCH, 1958 
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Some curves have been deleted from the original, which should be consulted for the reactions: }S,+O,<SO,; 6FeO 
O, =2Fe,0,; C+O,=CO,; */,;P,+0, P,O,; 4K +O, =2K,0; 4Na+O, —2Na,0; Si+O, =SiO,; Sn +O, —SnO,. The 
following curves have been added: W +O, =<WO,, Mo +O,=—MoO,, 2Be +O, <2BeO (data from Kubaschewski and 
Evans'"); 4H +O, <2H,0O (data from U.S. National Bureau Standards Circular 500) 


Fig. 8—Free energy of formation of various oxides, based on the original diagram by Richardson and Jeffes.'* 
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Fig. 9—Relation between the free energy of formation of an 
oxide, AB, and the (H,/H,O) ratio with which it is in 
equilibrium 


Adding equations (13) and (14), and dividing by 2, 
H,+Cu,O - H,O+2Cu 

so that 

4G, + 4G, 


“eee 


4G=| 


A very convenient graphical representation of the 
free energy of formation of oxides was published by 
Richardson and Jeffes.'* These authors were con- 
cerned with steelmaking when they selected the range 
of oxides covered by their free-energy diagram, and so 
a modified version, more relevant to metal joining 
practice, is given in Fig. 8. 

The use of this chart involves essentially an applica- 
tion of the free-energy/equilibrium-constant relation 
(equation 12) to the separate chemical reactions given 
in equations (13) and (14), instead of to the equation 
describing the reduction of the oxide. Thus, consider- 
ing first equation (13), the equilibrium constant is 
riven by 


Puio I 
= | Pu, Po 
and 
AG, RT log. k= 4°575T logy, Po, . (Pu./Pu.o)* (15) 
while for the reaction of equation (14) 
4G RT log, k,~4°575T logy, Po. (16) 


Equations(15) and (16) contain two unknowns, Pp, and 
(Px,/Px.9) and would normally be solved by finding the 
value of Po, from (16), and substituting to get (Py,/ 
Py.) from equation (15). However, in the free-energy 
diagrams the solution is obtained graphically. The 
valve of JG, (the free energy of formation of the metal 
oxide) is represented as a function of temperature by 
4B (Fig. 9). Values of 4G,, the free energy of forma- 
tion of water vapour for a wide range of the ratio 
(Px. Px,o).can conveniently be represented by a family 
of curves radiating from the point H. If the equilibrium 
ratio of hydrogen to water vapour is required at 
temperature 7, then all that is necessary is to draw a 
line through H and P and read off the value (10*:1) on 
the scale at the right-hand side. 
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Referring now to Fig. 8 for two actual examples, the 
equilibrium ratio of H,/H,O above chromium heated 
at 1000°C is found by this method to be about 
(4x 10*):1, and for copper heated at 900°C about | :10*. 
If the hydrogen contains more water than this equili- 
brium amount, reduction of the oxide will not take 
place. 

The inner scale in Fig. 8 relates to the reduction of 
an oxide by carbon monoxide, MO+CO -> CO,, and 
is used in exactly the same way, only with point C as 
index. 

In a brief survey it is impossible to discuss the full 
significance and basis of thermodynamic calculations; 
for this the books by Darken and Gurry,™ and 
Kubaschewski and Evans,” are to be recommended. 
However, there are a number of essential points which 
require mention. First, the application of thermo- 
dynamics only allows a determination of the critical 
(H,/H,O) ratio or (CO/CO,) ratio below which reduc- 
tion of the oxide will not take place. Above this value 
the reaction rate may, depending on the temperature, 
be so slow as to be useless in brazing practice. At 
temperatures of 1000°C and above, it would appear 
from experience that thermodynamically favourable 
reductions take place within a reasonable period of 
time; any information relating to the lower limiting 
temperatures for particular systems would be of con- 
siderable interest. Also, although in principle calcula- 
tions can be made for alloys, in practice it is necessary 
to know the composition of the oxide film and the 
chemical ‘activity’ of the constituents of the alloy. 
Unfortunately, these are not yet known. 

Another point is that, although in theory it is 
possible to reduce any oxide with hydrogen which is 
sufficiently dry, in practice the more stable oxides may 
require such vast quantities of hydrogen as to be in- 
conceivable. Thus, consider the reduction of beryllium 
oxide; hydrogen above beryllium oxide at 1000°C 
attains the equilibrium concentration of water vapour 
at about | part in 10", so that | cm? of oxide film 1000 
A thick would require to react with about 10° litres of 
perfectly dry hydrogen to reduce it to beryllium metal. 

While the thermodynamic calculation yields an 
equilibrium partial pressure of water vapour, the more 
common practical measurements are in terms of dew 
point or mg/l. Figure 10 shows the relation between 
these systems*, and also indicates the degree of dryness 
which can be attained by some of the common drying 
agents, according to the figures of Bower." 

Atomic hydrogen, if it could be utilized, would be 
much more efficient in reducing metal oxides. Thus, 
the decrease in free energy for the reaction MO+2H— 
H,O+M would be very much greater than for MO- 
H,->H,O+M as can be seen by following the same 
method as used with calculations for molecular hydro- 
gen and deriving 4G from the elementary reactions 

4H+0O,--2H,0 (4G,) . (17) 
MO, -»M+0O, (4G,). . (18) 


The free-energy/temperature curve for reaction (17) 





* The vapour pressure of ice p is derived from the face energy of formation 
of the water vapour from the solid JF which is given by K. K. Kelly in 
Bulletin 383 of the U.S. Bureau of Mines as 


AF = 11,260—17-64T log,. 7+ (15-6 « 10-*)T*—(0-223 » 10-*)T* + 76567 
Since 4F —~RT loge Pp 
1OB:ePmm ~ 1-207 + 3-857 logy T—(3-41 © 1G") T + (4-875 © 10-*)T*—(2461/T) 
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is shown in Fig. 8 and should be compared with the 
corresponding line for the formation of water vapour 
from molecular hydrogen. The magnitude of the differ- 
ence can be seen by considering the particular example 
of the reduction of manganese oxide (MnO) by per- 
fectly dry hydrogen at 1000°C. If molecular hydrogen 
were used, the equilibrium value of the (H,O/H,) ratio 
would be about 10-°:1, compared with (H,O/H) 
1:10-* for atomic hydrogen. That is, 1 g of mole- 
cular hydrogen could reduce at most 2 10-* g of 
MnO, whereas |g of atomic hydrogen could reduce 
35-5 g of MnO. The rate of reaction would probably be 
increased as well, since the barrier to reduction arises 
from the necessity for an intermediate reaction, in 
which the hydrogen molecule splits into atoms, forms 
a complex with the oxide, and finally breaks away as a 
water molecule. 

This means in particular that atomic hydrogen 
would probably be effective at lower temperatures than 
those at which molecular hydrogen can be used. The 
reduction of the oxide film by atomic hydrogen is one 
aspect of a process described by Zuffa,'* in which wires 
are joined by twisting their ends together and making 
them the cathode in an electrolytic cell. The electrolyte 
is 15°, aqueous soldium carbonate solution, and the 
anode an iron vessel containing the electrolyte. On the 
application of a potential (80—220V), atomic hydrogen 
is liberated at the cathode, reducing any oxide, while 
the heat of recombination also plays some part in 
fusing the ends of the wires together. 

The rate of reduction of the oxide layer will vary on 
different parts of the surface, depending on the crystal 
structure, but this is probably a negligible effect from 
the brazing point of view, so that provided the chemi- 
cal composition is uniform, reduction by dry hydrogen 
at suitable temperatures should be totally efficient. 
However, if the metal contains impurities which form 
stable oxides, it may well happen that these form 
patches on the surface which are not reduced; this in 


TEMPERATURE, °C 





160 -120 -BO 40 

a } 

ouica gel ss 

Magnesium perchlorate at. } 

B fl | 

BaU a | 

~~ | 

P. Pa 

P as — 

¢ 4 
ra E ; E 
E ; oS 
_ / i a 
F r | ~ 
/ 4 Vv 
/ ' 

/ | > 

/ + 

/ | 

/ 

j ; 

/ 
; 
tT 2 

| 

| & xyge | 

Dessusensenieniaitattesiiennailie ee 


Fig. 10—Relation between the various scales of measurement of 
the saturated vapour pressure of ice and the dew point. 
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Fig. 11—Increase in friction after outgassing. All measurements 
were made at room temperature after cooling the 
specimens in vacuo (Rowe'*) 


turn would result in poor wetting of these areas by the 
filler metal and voids in the joint. 


Heating in a Vacuum 

Another method of obtaining a clean metal surface 
is to heat the metal in a vacuum. In the brazing field 
this method has been used for some time in the radio 
valve industry, but is now finding wider application for 
the highly reactive metals such as titanium, and for 
alloys (e.g. Nimonic 90) which contain appreciable 
amounts of these metals or other elements which form 
stable oxides. The mechanism by which the surface is 
freed from oxide is not clear. If a sufficiently low 
pressure could be attained, an oxide would dissociate 
into metal and oxygen, which could be pumped off; 
however, this pressure would have to be phenomenally 
low in most cases, e.g. at 1000°C the dissociation 
pressure of Cu,O is 10-7 atm; Cr,O,, 10-*' atm; and 
Ti O,, 10-** atm. Silver and copper are probably the 
only common metals where this process is feasible. 
With metals like titanium, which readily dissolve 
oxygen, the solution of the oxide into the metal would 
seem a reasonable mechanism; then, provided that 
this solution took place at a faster rate than the forma- 
tion of oxide from any residual oxygen, the surface 
would be effectively clean. Some evidence is available 
from the work of Ehrke and Slack"’ on the ‘gettering’ 
ability of various metals. These workers first obtained 
clean metal by flashing in vacuo and then measured the 
amount of gas which could be absorbed. When using 
oxygen, their results can be interpreted in some cases, 
such as aluminium, in terms of the formation of an 
oxide layer which prevented further oxygen absorbtion, 
whereas in other cases, e.g. barium, on raising the 
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Fig. 9—Relation between the free energy of formation of an 
oxide, AB, and the (H,/H,O) ratio with which it is in 
equilibrium 


Adding equations (13) and (14), and dividing by 2, 
H,+Cu,0 - H,O+2Cu 

so that 

dG, JG 


, F } 


4G=| 


A very convenient graphical representation of the 
free energy of formation of oxides was published by 
Richardson and Jeffes.* These authors were con- 
cerned with steelmaking when tney selected the range 
of oxides covered by their free-energy diagram, and so 
a modified version, more relevant to metal joining 
practice, is given in Fig. 8 

The use of this chart involves essentially an applica- 
tion of the free-energy/equilibrium-constant relation 
(equation 12) to the separate chemical reactions given 
n equations (13) and (14), instead of to the equation 
lescribing the reduction of the oxide. Thus, consider- 

first equation (13), the equilibrium constant is 
en by 


Pr | 
. | Py, P 
and 
4G RT log, k 4-575T log,, P: (Py./Pu.o)® (5) 


while for the reaction of equation (14) 


IG RT log, k, —4-575T log, Po (16) 


Equations(15) and (16) contain two unknowns, Pp, and 
(Py,/Px.,9) and would normally be solved by finding the 
value of P., from (16), and substituting to get (Py, 
Py.) from equation (15). However, in the free-energy 
diagrams the solution is obtained graphically. The 
valve of JG, (the free energy of formation of the metal 
oxide) is represented as a function of temperature by 
4B (Fig. 9). Values of 4G,, the free energy of forma- 
tion of water vapour for a wide range of the ratio 
(Px,/Px,9),can conveniently be represented by a family 
of curves radiating from the point H. If the equilibrium 
ratio of hydrogen to water vapour is required at 
temperature 7, then all that is necessary is to draw a 
line through H and P and read off the value (10:1) on 
the scale at the right-hand side. 
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Referring now to Fig. 8 for two actual examples, the 
equilibrium ratio of H,/H,O above chromium heated 
at 1000°C is found by this method to be about 
(4 10*):1, and for copper heated at 900°C about | :10*. 
If the hydrogen contains more water than this equili- 
brium amount, reduction of the oxide will not take 
place. 

The inner scale in Fig. 8 relates to the reduction of 
an oxide by carbon monoxide, MO-+-CO -> CO,, and 
is used in exactly the same way, only with point C as 
index. 

In a brief survey it is impossible to discuss the full 
significance and basis of thermodynamic calculations; 
for this the books by Darken and Gurry,™ and 
Kubaschewski and Evans,” are to be recommended. 
However, there are a number of essential points which 
require mention. First, the application of thermo- 
dynamics only allows a determination of the critical 
(H,/H,O) ratio or (CO/CO,) ratio below which reduc- 
tion of the oxide will not take place. Above this value 
the reaction rate may, depending on the temperature, 
be so slow as to be useless in brazing practice. At 
temperatures of 1000°C and above, it would appear 
from experience that thermodynamically favourable 
reductions take place within a reasonable period of 
time; any information relating to the lower limiting 
temperatures for particular systems would be of con- 
siderable interest. Also, although in principle calcula- 
tions can be made for alloys, in practice it is necessary 
to know the composition of the oxide film and the 
chemical ‘activity’ of the constituents of the alloy. 
Unfortunately, these are not yet known. 

Another point is that, although in theory it is 
possible to reduce any oxide with hydrogen which is 
sufficiently dry, in practice the more stable oxides may 
require such vast quantities of hydrogen as to be in- 
conceivable. Thus, consider the reduction of beryllium 
oxide; hydrogen above beryllium oxide at 1000°C 
attains the equilibrium concentration of water vapour 
at about | part in 10", so that | cm? of oxide film 1000 
A thick would require to react with about 10° litres of 
perfectly dry hydrogen to reduce it to beryllium metal. 

While the thermodynamic calculation yields an 
equilibrium partial pressure of water vapour, the more 
common practical measurements are in terms of dew 
point or mg/l. Figure 10 shows the relation between 
these systems*, and also indicates the degree of dryness 
which can be attained by some of the common drying 
agents, according to the figures of Bower."° 

Atomic hydrogen, if it could be utilized, would be 
much more efficient in reducing metal oxides. Thus, 
the decrease in free energy for the reaction MO-+-2H 
H,O + M would be very much greater than for MO + 
H,-+H,O+M as can be seen by following the same 
method as used with calculations for molecular hydro- 
gen and deriving 4G from the elementary reactions 

4H+O,-+2H,O (4G,) 
MO, -» M+0O, (4G,) 


The free-energy/temperature curve for reaction (17) 


(17) 
(18) 





* The vapour pressure of ice p is derived from the face energy of formation 


of the water vapour from the solid 4F which is given by K Kelly in 
Bulletin 383 of the U.S. Bureau of Mines as 
AF = 11,260—17-64T log,.T+(15-6 « 10-*)T*—(0-223 » 10-*)T® 4+ 7-6567 
Since JF RT log. p 
lORyePmm © 1-207 +- 3-857 logy T—(3 41 « 107") T + (4-875 © 10-")T* 42461 T) 
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is shown in Fig. 8 and should be compared with the 
corresponding line for the formation of water vapour 
from molecular hydrogen. The magnitude of the differ- 
ence can be seen by considering the particular example 
of the reduction of manganese oxide (MnO) by per- 
fectly dry hydrogen at 1000°C. If molecular hydrogen 
were used, the equilibrium value of the (H,O/H,) ratio 
would be about 10-°:1, compared with (H,O/H) 
1:10-4 for atomic hydrogen. That is, 1 g of mole- 
cular hydrogen could reduce at most 2» 
MnO, whereas |g of atomic hydrogen could reduce 
35-5 g of MnO. The rate of reaction would probably be 
increased as well, since the barrier to reduction arises 
from the necessity for an intermediate reaction, in 
which the hydrogen molecule splits into atoms, forms 
a complex with the oxide, and finally breaks away as a 
water molecule. 

This means in particular that atomic hydrogen 
would probably be effective at lower temperatures than 
those at which molecular hydrogen can be used. The 
reduction of the oxide film by atomic hydrogen is one 
aspect of a process described by Zuffa,'* in which wires 
are joined by twisting their ends together and making 
them the cathode in an electrolytic cell. The electrolyte 
is 15°, aqueous soldium carbonate solution, and the 
anode an iron vessel containing the electrolyte. On the 
application of a potential (80—220V), atomic hydrogen 
is liberated at the cathode, reducing any oxide, while 
the heat of recombination also plays some part in 
fusing the ends of the wires together. 

The rate of reduction of the oxide layer will vary on 
different parts of the surface, depending on the crystal 
structure, but this is probably a negligible effect from 
the brazing point of view, so that provided the chemi- 
cal composition is uniform, reduction by dry hydrogen 
at suitable temperatures should be totally efficient. 
However, if the metal contains impurities which form 
stable oxides, it may well happen that these form 
patches on the surface which are not reduced; this in 
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Fig. 10—Relation between the various scales of measurement of 


the saturated vapour pressure of ice and the dew point. 
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Fig. 11—AIncrease in friction after outgassing. All measurements 


were made at room temperature after cooling the 
specimens in vacuo (Rowe'") 


turn would result in poor wetting of these areas by the 
filler metal and voids in the joint. 
Heating in a Vacuum 

Another method of obtaining a clean metal surface 
is to heat the metal in a vacuum. In the brazing field 
this method has been used for some time in the radio 
valve industry, but is now finding wider application for 
the highly reactive metals such as titanium, and for 
alloys (e.g. Nimonic 90) which contain appreciable 
amounts of these metals or other elements which form 
stable oxides. The mechanism by which the surface is 
freed from oxide is not clear. If a sufficiently low 
pressure could be attained, an oxide would dissociate 
into metal and oxygen, which could be pumped off; 
however, this pressure would have to be phenomenally 
low in most cases, e.g. at 1000°C the dissociation 
pressure of Cu,O is 10-7 atm; Cr,O,, 10-** atm; and 
Ti O,, 10-** atm. Silver and copper are probably the 
only common metals where this process is feasible 
With metals like titanium, which readily dissolve 
oxygen, the solution of the oxide into the metal would 
seem a reasonable mechanism; then, provided that 
this solution took place at a faster rate than the forma- 
tion of oxide from any residual oxygen, the surface 
would be effectively clean. Some evidence is available 
from the work of Ehrke and Slack*’ on the ‘gettering’ 
ability of various metals. These workers first obtained 
clean metal by flashing in vacuo and then measured the 
amount of gas which could be absorbed. When using 
oxygen, their results can be interpreted in some cases, 
such as aluminium, in terms of the formation of an 
oxide layer which prevented further oxygen absorbtion, 
whereas in other cases, e.g. barium, on raising the 
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Fig. 12—-The increase in friction with temperature of outgassed 


metals (Rowe'*) 


temperature the whole of the metal appeared to be 
eventually converted to barium oxide. 

The most thorough survey available to date of sur- 
face cleaning by heating in a vacuum comes from work 
on friction and adhesion. When surfaces slide over one 
another the oxide film is disrupted, welds are formed, 
and small pieces of metal are torn out of the surface 
layers; the work required to do this largely determines 
the coefficient of friction. Clearly, if the surface is free 
from oxide, the coefficient of friction will be consider- 
ably increased. Attempts have been made by a number 
of workers to obtain clean surfaces by heating at high 
temperatures in a vacuum of 10-* to 10-5 mm, the 
coefficient of friction being measured on subsequent 
cooling, If the cleaning treatment has been really 
efficient, the coefficient of friction becomes immeasur- 
able as seizure takes place. The results obtained by 
Rowe'* for nickel, platinum, and titanium are given in 
Fig. 11, and they show that a marked increase in 
friction occurred with nickel and platinum, but not 
with titanium. Rowe investigated a wide range of 
metals and showed that seizure, implying a high degree 
of oxide removal, was obtained with nickel, copper, 
iron, silver, and commercially pure mild steel. Seizure 
could not be obtained with gold, molybdenum, tan- 
talum, titanium, zirconium, uranium, and aluminium 
heated to its melting point. These results were all 
observed with spectroscopically pure metals; seizure 
could not be obtained with commercially pure copper, 
although it occurred with spectroscopically pure 
material. From the brazing viewpoint, it is not the 
degree of oxide removal which is obtained on cooling, 
but the state of the surface at the heating temperature, 
which is important. Here again the work by Rowe is 
relevant, as he measured the coefficient of friction as a 
function of temperature for some of the materials 
which did not exhibit seizure at room temperature. 
Curves for titanium and molybdenum are shown in 
Fig. 12; seizure occurred with molybdenum at 1130°C. 

rhe interpretation of these results in terms of a 
mechanism of oxide removal is not obvious; Rowe 
himself tends to link it with surface evaporation which 
he observed in all cases of metals which exhibited 
seizure except platinum. In the absence of a knowledge 
of any principles underlying the removal of oxide films 
by heating in a vacuum, it is not possible to discuss the 
probable efficiency of the process. 
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Use of a Flux 

In a survey such as this, which purports to deal with 
scientific principles, a difficulty is encountered when 
treating the subject of fluxes. It would in fact be no 
great exaggeration to dismiss the subject out of hand, 
on the grounds that scientific principles which govern 
the behaviour of fluxes are not known. Certainly there 
is hardly any published information on this subject, 
but equally well this does not mean that good fluxes do 
not exist. Manufacturers produce some very good 
fluxes, but the formulae are probably compounded by 
an intelligent application of experience and intuition. 
It is not likely that the atmosphere of secrecy which 
surrounds the flux manufacturing industry conceals 
information of a fundamental nature, because this 
would entail a working knowledge of the chemistry 
and electro-chemistry of molten salts, and this is as yet 
an undeveloped field of pure science. It has been 
necessary therefore to base this section on the very 
little published information available relating to the 
behaviour of fluxes. 

A flux may influence wetting and spreading via a 
number of complex phenomena, but its prime purpose 
is of course to remove the initial oxide film and prevent 
any reoxidation. A guide to the composition of fluxes 
suitable for various brazing systems can be found in 
the brazing handbooks, but data on the mechanism of 
flux action are only available for aluminium brazing. 
This is unfortunate, because aluminium flux mixtures 
are rather a specific case, so that generalizations from 
this system must be made with care. West'® in 1941 set 
out to evaluate the relative efficiencies of various 
aluminium fluxes by the logical procedure of determin- 
ing which would dissolve the most aluminium oxide, 
and he obtained the surprising result that alumina was 
in fact virtually insoluble in all the fluxes. This meant 
that some action must be taking place which detaches 
the oxide from the underlying metal, and Jordan and 
Milner®® showed this to be electro-chemical in nature, 
with the aluminium acting as an anode, the oxide film 
as a cathode, and the flux as an electrolyte. Aluminium 
goes into solution as Al*** ions at the oxide/metal 
junction (Fig. 13), thus undermining the oxide film 
which, being in compression on the surface, on release 
curls up, causing the cell to travel along the interface. 
At the cathode, the current is maintained by the 
removal of electrons by oxygen, which then reacts 








Aluminium 


Fig. 13—The mechanism of removal of aluminium oxide by molten 
flux (Jordan and Milner®’) 
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with the aluminium ions, at a distance from the cell, to 


form aluminium oxide. From the present point of 


view, the relevance of this work is that the cell mechan- 
ism requires oxygen from the atmosphere to be 
transferred through the flux to depolarize the oxide 
cathode. However, the only method cf oxygen transfer 


which can be envisaged is one of a combination of 


convection and diffusion, which should continue after 
the oxide has been removed. A process of reoxidation 
followed by oxide removal should therefore take place 
continuously, and since this proceeds at different rates 
on different areas of the surface, the surface should 
never be completely free from oxide. There are a num- 
ber of practical observations to support this hypo- 
thesis; for instance, aluminium jigs left immersed in a 
flux bath slowly diminish in size; overheating or pro- 


longed heating result in inactivity and thickening of 


the flux; furnace brazing of aluminium is found to be 
unsuccessful, possibly because the layer of flux sprayed 
on to the work becomes saturated with alumina during 
the heating process. 

If the surface is not completely free from oxide, it 
would be anticipated that satisfactory wetiing by the 
filler metal would not take place. Again, this in agree- 
ment with experience, as the filler metal often does not 
flow readily on melting but rolls over the surface in 
discrete globules. Whilst this mechanism of oxide 
removal is probably specific to the case of aluminium, 
the inability of the flux to provide protection from re- 
oxidation is likely to be more general, and may occur 
in all cases, increasing in extent with increasing 
temperature. This may well be the reason for the 
antipathy towards the use of a flux for high-tempera- 
ture brazing. 

The presence of a flux introduces the possibility of 
further complex interactions which can affect the 
wetting and spreading properties. The first is that the 
surface tension of the metal/flux interface may be 
reduced owing to the effect of electro-capillarity. This 
phenomenon is demonstrated by an experiment in 
which mercury is contained in a U-tube of which one 
arm has a wide bore and the other a capillary bore 
(Fig. 14). A meniscus is formed in the capillary tube, 
and the pressure drop across this meniscus (given by 
equation (2)) is balanced by the difference in heights of 
the mercury in the two arms of the U-tube. The 
mercury in the capillary arm is in contact with an 
electrolyte (e.g. dilute sulphuric acid), and two elec- 
trodes are arranged so that a potential can be applied 
across the mercury/electrolyte interface. On applying a 
potential, it is found that the difference in height of the 
mercury columns first increases to a maximum and 
then decreases again, as the magnitude of the potential 
is increased. The explanation of this behaviour is that 
with no applied potential the mercury surface acquires 
a layer of positive charge, with a corresponding layer 
of negative charge in the solution. The positive charges 
initially repel each other and so decrease the interfacial 
free energy. When a negative potential is applied, the 
layer of positive charge is gradually neutralized, until 
the interfacial free energy for a neutral surface is 
obtained; on further increasing the applied potential, 
a layer of negative charge is built up, which again 
decreases the value of the interfacial free energy. 
Electro-capillarity can reduce the value of the inter- 
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Fig. 14—Apparatus for demonstrating the phenomena of electro- 
capillarity 


facial free energy of mercury in contact with an electro- 
lyte to as little as one-third of the surface free energy 
in a vacuum.? 

Molten salts are regarded by modern theory as 
being completely ionized, so that it is entirely feasible 
that the interfacial energy of fluxes can be decreased by 
layers of ions. However, the only relevant measure- 
ments available are from the soft-soldering field 
Latin® determined the interfacial free energy of tin, and 
eutectic tin-lead alloy, in resin and ammoniacal zinc 
chloride fluxes, and found them to be 8—17°, lower in 
the latter. Since the inorganic flux would be expected to 
be more highly ionized than resin, this effect is prob- 
ably due to electro-capillarity. 

Another type of interaction introduced by using 
fluxes was demonstrated by Bailey and Watkins,”* who 
showed that in soft soldering systems the solder, flux, 
and base metal could act as an electrochemical cell. 
Tin was thus deposited from the solder on to the base 
metal to enhance the spread of the solder. It is again 
not possible to generalize and apply this result to other 
flux—metal combinations, because of the lack of avail- 
able data on the electro-chemistry of molten salts. 

The surface of the base metal can be modified when 
using a flux, by another chemical process, which is 
utilized in the design of the so-called ‘reaction fluxes’. 
In this case, a simple substitution reaction takes place 
between a constituent of the flux and the base metal. 
For the aluminium system, where this process finds 
some application, zinc chloride is added to the flux, 
and the zinc is replaced by aluminium to give a layer of 
liquid zinc on the aluminium surface according to the 
equation 

2Al+-3Zn** — 2Al* 3Zn. 

To obtain a reaction of this nature, it is necessary that 
the base metal should be more electropositive than the 
metal which it is desired to replace in the flux. The 
advantage gained is twofold: first, zinc does not oxi- 
dize as readily as aluminium, and is therefore better 
protected by the flux, and secondly, the aluminium 

silicon filler metal flows considerably more rapidly on 
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the liquid zinc, since it no longer has to overcome 
boundary-layer resistance. The enhanced flow is parti- 
cularly important in this system, because the rapid 
alloying which takes place between the aluminium— 
silicon filler metal and the aluminium base metal 
normally makes the flow of the filler metal very sluggish. 

The possible effects of flux action can be sum- 
marized by considering the various phenomena which 
have been described, in relation to flow of the filler 
metal into the joint. If reoxidation does take place 
through the flux, then the filler metal flowing into the 
joint will encounter particles of oxide where wetting 
cannot occur, and this may be the reason for the small 
scattered flux inclusions which are often found in 
brazed or soldered joints. An interesting experiment in 
this context would be a comparison of a series of 
identical ioints made after using the various oxide 
removal techniques. The analysis of flow into the joint 
leading to equation (10) shows that the time of joint 
filling is inversely proportional to the surface free 
energy, so that electro-capillarity processes would 
result in slower joint filling, as also would the in- 
creased resistance to flow offered by the viscosity of the 
emerging flux. However, this increase in time of filling 
could be compensated for by increasing the joint gap. 
Care must be exercised, however, in interpreting the 
results of electro-deposition (and surface diffusion) 
phenomena, which are studied by relatively long-time 
tests, such as spreading-drop and immersion tech- 
niques, for if the analysis of joint filling is correct, it is 
doubtful whether sufficient time would be available for 
these to have an appreciable effect. 


ALLOYING BETWEEN THE FILLER METAL AND THE 
BASE METAL 

This is probably the most important of the possible 
nteractions which must be considered when modifying 
he theory of non-interacting systems. Some alloying 
nust occur in all cases, even if it is confined to a few 
itomic layers immediately adjacent to the base metal. 
in fact, the work of Bailey and Watkins™’ shows 
hat alloying is essential if wetting is to take place. 
These workers investigated 38 pairs of liquid and 
solid metal combinations by means of flooding and 
immersion tests and found that, provided time was 
allowed for the liquid metal coating to assume its 
equilibrium configuration after draining, the degree of 
wetting could be correlated with the type of alloying to 
be expected at the temperature of the test. Thus, if the 
liquid and solid metal alloyed to form a solid solution, 
wetting was obtained, followed by the formation of a 
stable coating on withdrawal of the solid specimen 
from the molten metal. If an intermetallic compound 
was formed, wetting occurred followed by de-wetting 
on withdrawal; and if the solid metal were insoluble in 
the liquid metal, no wetting took place. There is a 
difference in the requirement for the formation of a 
stable coating and the filling of a brazed joint, in that 
the former requires a contact angle of zero, whereas 
the latter requires the contact angle to be less than 90°. 
The reason for de-wetting as a result of the formation 
of a stable intermetallic layer can be readily appreci- 
ated from a consideration of equation (1) and relative 
values of surfaces energies, since an intermetallic com- 
pound will have a value more akin to that of ionic 
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compounds than of metals. Alloying will take place 
more rapidly in the high-temperature brazing systems, 
and is generally clearly evident on micrographs, and in 
some extreme cases inter-diffusion can take place to 
such an extent that it is difficult to distinguish the 
presence of the filler metal. 

Where alloying occurs to a marked extent it would 
be expected that it would have a considerable effect on 
the flow of the filler metal into a joint. Referring back 
to the analysis for non-interacting systems, the time 
taken to fill a length / of horizontal joint is given by 
equation (10) as 

3 . 
enim §8 
¥, cos 0D 

Alloying would affect the force driving the liquid into 
the joint by altering the surface tension of the liquid 
and the contact angle, the surface tension of the alloy 
tending towards that of the lowest surface-energy con- 
stituent as mentioned previously. It would also change 
the resistance to flow, if the viscosity of the liquid 
varied, an effect which would be particularly marked 
if alloying pushed the composition of the filler metal 
into a region of higher solid content. In addition, the 
melting point of the filler metal must change, and can 
either increase or decrease depending on the composi- 
tion range and on whether the filler and base metal 
form a eutectic system or a peritectic system. In the 
absence of any experimental investigation of the 
relevant effect of these factors, it is impossible to make 
predictions of the behaviour of particular systems. 
Brooker and Beatson™ consider that the rate and 
extent of alloying determine the optimum gap in joint 
formation, and that if appreciable alloying occurs the 
gap must be increased, to allow for increases in vis- 
cosity and the possibility of a narrow gap becoming 
choked by premature solidification of the filler metal. 
Increasing the joint gap would affect the degree of 
alloying in two ways: first, the rate of flow is propor- 
tional to the gap width, so that the joint filling time 
would be decreased, giving less time for alloying to 
occur; and secondly, the rate of alloying is probably 
dependent on the area of liquid/solid contact and un- 
affected by the volume of liquid above the surface, so 
that with larger volumes of liquid the rate of dilution 
of filler metal by base metal would be slower. 

One of the simplest brazing systems from the point 
of view of analysis of the effect of alloying is the braz- 
ing of aluminium with aluminium-silicon filler metal. 
Practical experience shows that with this system the 
rate of alloying is very rapid, so much so in fact that, 
if filler metal of the 13 °% silicon eutectic composition is 
used on thin-gauge aluminium sheet, the aluminium 
dissolves into the filler without appreciably raising its 
melting point and the joint falls away as blobs of 
liquid. For this reason, a filler metal of lower silicon 
content is used, combined with the largest joint gap 
size commonly used in brazing practice (up to 0-025 
in.) and penetration limited by joint design. 


EFFECT OF SURFACE ROUGHNESS 
While the diagrams in textbooks relating to surface- 
energy phenomena are invariably based on flat sur- 
faces, a flat solid surface does not in fact exist, and all 
measurements are made on surfaces possessing a 
degree of roughness. The wetting and filling of brazed 
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joints would be expected to be dependent of the degree 
of roughness in two ways. First, surface and interfacial 
energy changes are dependent on the actual area over 
which the liquid flows, as opposed to the apparent 
area, and secondly, roughness of the surfaces in the 
capillary gap could cause the flow to become turbulent 
instead of laminar, thus increasing the resistance to 
flow. Energy changes require a knowledge of the ratio 
real/apparent area, while the flow pattern is deter- 
mined by the shape and probably principally by the 
height of surface asperities. 

The real area of a surface is difficult to measure. 
Bowden and Rideal** used a method, which according 
to the treatise by Adam! is theoretically the most 
sound, and obtained the results shown in Table II. 
Adam considers these values to be excessive, but they 
do show that there can be a marked difference between 
real and apparent areas even with surfaces which are 
nominally smooth. The topography of surfaces is more 
readily determined, and Fig. 15 shows Talysurf meas- 
urements made on rolled, ground, machined, and 
scratch-brushed surfaces of mild steel. 

Wenzel,”* in 1936, showed intuitively that the effect 
of surface roughness on the equilibrium shape of the 
liquid surface was to modify equation (1) to: 


g Yr/st¥_ Cos @ 


where ¢ is the observed contact angle, and is related 
to @, the contact angle for a hypothetical plane surface, 
by cos ¢=r cos 6 (r =real area/apparent area). 
Shuttleworth and Bailey?® later gave an analytical 
derivation for the same relation, but showed that it 
was only applicable for general roughness and did not 
pertain to a surface consisting of a series of parallel 
grooves. In the latter case the liquid flows along and 
across the grooves until the equilibrium angle is 
attained round the whole of the periphery; this can 
only be achieved if the liquid flows much further along, 
than across, the grooves, as shown by Fig. 16, which 
illustrates the result of a spreading-drop test made 
with a small pellet of aluminium-silicon on an alu- 
minium strip, the surface of which had been heavily 
scored with a pack of razor blades.* An important 
point about spreading across a grooved surface is that 
equilibrium can be obtained at a number of positions, 
and this may be one reason for the contact-angle 





* N. F. JORDAN. Private communication 


Table Il 


REAL v APPARENT AREA OF A SOLID SURFACE 





Roughness Ratio, r 
Nature of Surface (Real/ Apparent Area) 


| 
| 

Silver etched in dilute HNO, | 31 
| 





Smooth platinum 2:1 
Platinum black 1830 

Polished nickel, new 13-3 
Polished nickel, old 9-7 
Annealed nickel, new | 10:8 
Annealed nickel, old 7:7 
Electroplated nickel, new 12 

Electroplated nickel, old 9-5 
Rolled nickel, new 5:8 
Rolled nickel, old | 3:5 











Data from Bowden and Rideal.** 
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Fig. 15—-The surface topography of mild steel which has under- 
gone various surface treatments. Measurements made 
by Talysurf, vertical magnification 700, horizontal 
magnification 70. The ‘as-received’ condition was 
probably hot-rolled and pickled: lathe turned and surface 
ground finishes were to typical production standards 


hysteresis between an advancing and a retracting liquid 
surface. 

The significance of Wenzel’s relation for the effect of 
general roughness is that what happens on a smooth 
surface is increased on a rough surface, i.e. a liquid 
which spreads on a smooth surface will spread more on 
a roughened surface, and a liquid which does not 
spread because the contact angle is larger than 90 
will have an even larger angle on a roughened surface. 
The effect of roughness was demonstrated experi- 
mentally for silver spreading on mild steel by Parker 
and Smoluchowski,*® who investigated spreading 
characteristics on various surface finishes, including 
a number of grooved surfaces in which the groove 
angle was shown to have a marked effect. Silver does 
not spread very readily on a polished surface, but it 
was found that etching or fine grinding of the surface 
improved the flow characteristics to such an extent 








Fig. 16—Result of a spreading-drop test with aluminium-silicon 
filler metal on a grooved aluminium surface 
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that a silver pellet flowed and plated the whole surface 
of the mild-steel base metal. The authors did not 
measure the contact angle which they obtained with a 
‘smooth’ surface, but from photographs of spread 
drops in plan view it would appear to be of the order 
of 60°. The work of Bowden and Rideal shows that 
etching multiplies the roughness ratio by a factor of 
about six, so that applying Wenzel’s expression it 
would be expected that a contact angle of 60° on a 
smooth surface would be reduced to zero by etching, 
and in fact a contact angle of up to 80° should become 
zero by etching the surface. 

All measurements of the effect of surface finish 
appear to have been made by spreading-drop tests, 
and no evidence is available to show the effect on the 
filling of a joint. It is therefore only possible to examine 
the theoretical model of flow into a joint, and to con- 
jecture on the effect that roughness might have. The 
force driving the liquid into the joint will be increased, 
since for an advance of the liquid front of | cm the 
change in energy will no longer be 2(7s—? ,,/s), but 
2r(¥s—¥ ,)s), per unit width of joint. The resistance may, 
however, also be increased, since increased roughness 
may introduce turbulence into an otherwise streamline 
flow pattern. This point is difficult to examine theoreti- 
cally, but some evidence is available from the field of 
chemical engineering for geometrically similar al- 
though, very much larger, systems. The effect of 
roughening the surface on flow through pipes is given 
by Bakhmeteff?’ for a roughness ratio of up to 1:15; 
the value of Reynolds number at which the transition 
from laminar to turbulent flow takes place is not 
altered, but there is a marked effect on the character of 
the turbulence which ensues after the transition. The 
roughness ratio used in this connection is not the ratio 
of areas but the ratio of the height of the asperities to 
the mean diameter of the tube. A roughness ratio of 

15 may be greatly exceeded in the filling of a brazed 

int where the surface asperities may measure any- 
‘hing up to 0-001 in. in a joint gap of the order of 
0-005 in. or less, with the interference and drive fits. 
Flow under these conditions may be more akin to flow 
through granular beds, for which a technique of 
inalysis has been developed by using a modified 
Reynolds number to take account of the detailed 
shape of the flow passages; the results from this field 
show that the onset of turbulent flow occurs at very 
much lower velocities than for flow between smooth 
walls.** 

The reason for the emphasis that has been given to 
the problem of whether the flow into a joint is of a 
streamline or turbulent nature is that it would appear 
that it is possible to control this in practice by adjust- 
ing surface conditions and joint gaps. If the flow is 
turbulent, there will be a longer time available for any 
interactions to take place; in addition, the mixing 
action of turbulence would be expected to increase the 
rate of alloying between the solid and the liquid metals. 
In practice it is found that joint gaps must be set within 
fairly definite limits, which vary from one system to 
another, if the best results are to be achieved. Many 


factors may contribute to deciding the magnitude of 


this optimum joint gap size, and it would be a major 
advance in the development of the theory of wetting 
and spreading if it were possible to obtain an integrated 
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knowledge of the behaviour and interaction between 
these factors, which gave an explanation for the choice 
of joint gap sizes. 


DISCUSSION 


The object of this survey has been to discuss the 
scientific principles of wetting and spreading as they 
apply to soldering and brazing practice. On the evi- 
dence presented it is clear that there exists a consider- 
able gap between the conditions for which the basic 
physical and chemical theories are valid and the condi- 
tions which pertain in practice. It is only possible to fit 
the observations and conclusions derived from experi- 
ence into a general framework, which, while it cannot 
be developed to the state where it can supplant trial 
and experiment, does at least define the more obvious 
aspects for which further information is required. 
While the experience to be gained from the extension 
of brazing and soldering practice to the solution of new 
problems will add to the knowledge available, major 
advances in the development of principles will depend 
on the isolation and systematic investigation of specific 
aspects. For instance, important factors which require 
further consideration are the effect of alloying between 
base and filler metal, and the mechanism and efficiency 
of oxide removal. It is fortunate that there are papers 
in this series which contribute to the understanding of 
these subjects. The behaviour of fluxes could be a 
particularly rewarding field of study, because so little 
is known that almost any new information would 
represent a major advance, and many more measure- 
ments are necessary on the rate of filling before it can 
be assumed that the factors which determine this im- 
portant quantity are understood. It can be seen there- 
fore that, while the practice of joint filling is reasonably 
well established, many aspects of wetting and spread- 
ing will require further investigation before the same 
can be said of the scientific principles of the subject. 
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WETTING 


AND SPREADING 


By J. C. Chaston, Ph.D., A.R.S.M., F.1.M., and M. H. Sloboda, Dipl. Ing. 


SYNOPSIS 
THe tunction of a tlux is to clean the surface of the work piece 


and so to ensure wetting by and spreading of the solder o1 


brazing material. Generally, the flux will not prevent surface 
oxidation, but it will dissolve anv oxide films that are formed. 
In some instances, however, complex reactions may lead to 
the formation of surtace films; tor instance, on Cr bearing 


steels heated with a normal flux, a black surface fhlm is formed, 


which is presumed to be iron fluoride. As a result of investi 
gation of this reaction, a new flux, consisting of a mixture of 
potassium fluosilicate and potassium metaborate, has been 
deve lope d, whic h can also be us¢€ d on ¢ oppe - prass, mild stec I, 


and other materials 


HE use of fluxes to promote wetting and spread- 

ing is obviously very old—for tinkers have used 

‘killed-spirits’ and plumbers have used tallow 
for centuries. 

In its simplest applications—when it is in the form 
of a molten layer on a galvanizing, tinning, or dip- 
soldering bath—the function of a flux is simply to 
clean the surface of the metal to be ‘tinned’ from all 
forms of dirt and oxide, so that when the work passes 
from the flux layer to the molten metal bath beneath 
there remains no barrier to perfect wetting. The flux 
must obviously be a solvent for atmospherically- 
formed oxides and other contaminants, and it must be 


reasonably fluid and stable at the temperature of 


working. 

In normal soldering and brazing operations—that 
is to say, in torch-brazing or induction brazing, which 
probably constitute by far the greatest volume of in- 
dustrial brazing operations—the flux is usually con- 
sidered also to have the purpose of protecting the work 
and the solder from oxidation. It is very much to be 
doubted, however, whether any of the normal fluxes 
actually shield the work from oxygen. On the other 
hand, there is considerable evidence that often they 
actually serve as very efficient oxygen carriers. In many 
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circumstances oxygen can diffuse through the flux and 
oxidize the underlying metal; the resulting oxide is 
then dissolved in the flux. If the work is allowed to cool 
beneath the flux coating, it will appear to be clean and 
bright. This appearance, however, is due to the fact 
that the oxides have been dissolved in the flux. The 
attack on the metal, nevertheless, will in these circum- 
stances be greater than if no flux were present. 

Whether the flux operates by shielding the work from 
oxidation or by dissolving the oxides formed on the 
surface, it is a prime requirement that it must be fluid 
at the working temperature. This requirement often 
governs the choice of flux for any particular solder. If 
the solder melts at a high temperature above about 
800°C, borax will, in general, be found to be by far the 
best flux, since it seems to be the ideal solvent for 
surface oxides. If the solder melts at a lower tempera- 
ture than about 800°C, however, a flux with a lower 
melting point is needed. In the past, the usual bases of 
low-melting-point fluxes for hard soldering have been 
mixtures of borax with potassium  borofluoride 
(KBF,). The development of such low-melting fluxes 
was an important step in popularizing the relatively 
low-melting engineering silver solders which have a 
melting point around 630°C, 

In general, it has been far more difficult to devise 
fluxes having a melting point sufficiently low for them 
to be fluid at the temperature of soldering, than to find 
mixtures which will dissolve the surface oxides. 
Nearly all alkaline flux mixtures dissolve all the base 
metal oxides very readily. 

In the great majority of cases it seems true to say 
that almost any flux having a melting point below that 
of the solder can be relied upon to ensure that the 
surfaces to be joined remain clean and, in the absence 
of complicating factors, will provide the ideal condi- 
tions to promote wetting and spreading. 

COMPLEX REACTIONS IN BRAZING STAINLESS 

STEEL 

In some instances, however, complex reactions may 

occur between the molten flux, the atmosphere, the 
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developed flux 


Stainless-steel 


newly 


work, and the solder; instead of the surface being 
cleaned, these reactions may induce a layer to form 
over the surface and so actually inhibit wetting and 
spreading. 

An example of this type of reaction has been found 
to occur when stainless steel containing chromium is 
brazed with the aid of a fluoride-containing flux of the 
type normally used with low-melting engineering 
solders. Fluxes of this sort, typified by “Easyflo’ flux, 
consist essentially of mixtures of KBO, and KBF,. 

The effects observed when a stainless-steel joint is 

razed with, say, ‘Easyflo’ solder and ‘Easyflo’ flux, 


may best be demonstrated by the results of a series of 


experiments in which a small slug of solder of standard 
size was introduced in the centre of a shallow cup made 


from 18-8 stainless steel, covered with flux, and 
heated to about 700°C. The following observations 
re significant: 


(1) When a slug of solder is dropped into a molten 

iyer of flux, and heated by directing a flame below the 
up so that air has free access, the amount of spread 
‘f the molten solder is observed to be less as the time 
of heating of the flux is prolonged. If, for instance, the 
flux is heated in contact with the work, and solder is 
then introduced after 3, 5, and 
spread is very much less after 10 minutes than after 
3} min. 

(2) The obvious explanation that first comes to 
mind, that the effect is due to saturation of the flux by 
yxides dissolved on prolonged heating, can be readily 
disproved by several further observations. If, after 
heating for say 10 min, the work is cooled, the flux 
removed, and a fresh supply of flux applied, the sur- 
face will not be cleaned by the fresh flux, and still 
resists wetting. 

(3) The effect cannot be reduced by using large 
quantities of flux. On the contrary, the larger the 
amount of flux, the greater is the effect of prolonged 
heating. 

(4) On the other hand, it can be shown that film 
formation only occurs if air has free access to the sur- 
face of the flux. The flux-covered surface of stainless 
steel can be heated for long periods under hydrogen or 
nitrogen, and at the end of the period will be readily 
wetted by solder. 
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(5) It can, moreover, be shown that the active con- 
stituent in air which leads to film formation is oxygen, 
and it is observed that flux-covered surfaces become 
resistant to wetting by solder very much more rapidly 
in an Oxygen atmosphere than in air. 

(6) Finally, it is very evident that the cause of poor 
wetting of stainless-steel surfaces heated too long under 
flux in air is due to the formation of a surface film, since 
if the flux is removed, a black coating is seen to remain 
on the steel. 

Since this film is only formed when soldering steels 
containing chromium, and is not formed on plain- 
carbon steels, it was natural to conclude that the film 
is a chromium compound. However, careful investiga- 
tion has failed to reveal any significant amount of 
chromium in the film, and it has been established by 
X-ray examination that the film is, in fact, mainly 
composed of iron fluoride. 

It remains to find some explanation of why iron 
fluoride should form in these circumstances on 
chromium-containing stainless steels, but not on mild 
steel or plain nickel steels. The explanation that is now 
advanced is, briefly, that on a chromium-containing 
steel the following reactions occur: 

(1) The flux readily dissolves the protective film of 
chromium oxide from the surface of the steel. 

(2) As a result, chromium in the underlying steel is 
immediately reoxidized by oxygen diffusing through 
the flux layer. 

(3) As a result of the rapid attack caused by these 
two reactions, a finely divided residue of nearly pure 
iron builds up on the surface, and is converted to iron 
fluoride by the fluoride-containing constituents of the 
flux. 

Using this as a working hypothesis, investigations 
were made into methods of combating the formation 
of these black films. The most obvious method is to 
reduce the time of heating to a minimum and this, 
indeed, is the method commonly and, in the past, 
unwittingly used in practice. The majority of brazed 
joints in stainless steel are undoubtedly sound, and in 
fact until the present investigation was started, stain- 
less steel was commonly regarded as one of the 
simplest materials of construction to braze. No diffi- 
culty at all is normally experienced in obtaining sound 
well-run joints, and in the past it has always been 
difficult to understand why some people should have 
regarded brazed joints in stainless steel with suspicion. 

In view of the present findings, however, it seemed 
desirable that some positive action should be taken to 
protect the operator from the consequence of occa- 
sional overheating, and to make it easier to deal with 
large joints which inevitably would require heating for 
somewhat prolonged periods. 

The most promising approach has been to develop 
an alternative flux which would not form iron fluoride 
film with the active iron liberated by the flux reaction. 
In the normal flux, the main purpose of the presence 
of KBF, is to lower the melting point so that the flux 
is free-flowing at the temperature of soldering. Scores 
of alternative additions have been tried, and it has been 
found that mixtures of potassium fluosilicate with 
potassium metaborate combine the characteristics of 
low melting point with a greatly reduced tendency to 
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form iron-fluoride films. With this new flux films do 
not form after heating for more than 10 min at 700°F, 
and further, very severe overheating is possible with it. 
The flux can also be used on copper, brass, mild steel, 
and other materials, and has the advantage that when 
used on copper it does not leave discoloured surfaces 
when removed. The flux is particularly useful in 
soldering large assemblies, and Fig. 1 shows a typical 
assembly in stainless steel which has been soldered 
successfully with the new flux but would probably be 
extremely difficult to solder using a standard flux. 

It may be argued that the approach of seeking 
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methods to counteract undesirable effects that form 
non-metallic films on the work and that hinder spread- 
ing, is a somewhat negative method of approaching 
the problem. However, the success obtained by follow- 
ing the principles outlined has been such that it has led 
to the conclusion that, if only surfaces to be joined can 
be kept clean and maintained in a clean condition 
during soldering, the ideal conditions are provided 
for wetting and spreading. Little further seems likely 
to be gained by the use of reactive fluxes such as those 
which lay down films of some other metal to promote 
spreading. 


The Application of Welding to the Nuclear 


Energy Programme 


Tue Autumn Meeting of the Institute was held on Thursday and Friday, 31st October and st 
November, 1957. At the Annual Dinner which preceded it on 30th October, the Principal Guest was 
Sir John Cockcroft, K.C.B., C.B.E., Director of the Atomic Energy Research Establishment at 
Harwell. The President of the Institute, Sir Charles Lillicrap, K.C.B., M.B.E., D.S« 
Chair at the first technical session, and briefly addressed members before calling on Mr. Cunningham 
to present his paper. On the Thursday afternoon the Chairman was Mr. A. Robert Jenkins, and on 
the Friday morning Professor J. G. Ball 


, Was In the 


Discussion on the Paper* 
ASPECTS OF NUCLEAR ENGINEERING 


By J. B. W. Cunningham 





Mr. W. Barr (Colvilles Ltd.): Mr. Cunningham, looking 
to the future, has pointed out that the problems of site 
fabrication of large reactor vessels in alloy steels may prove 
even more severe than those being dealt with at present, 
and will make heavy demands on the welding metallurgists 
and the engineer. 

The nature of these problems will, of course, depend on 
the type of steels which are eventually developed for this 
purpose. and it is at this stage that the steelworks metallurg- 
ist, with his colleagues in the melting shop and rolling 
mills, carry a heavy responsibility. 

In developing such steels, close collaboration with the 
designers and fabricators is essential, and in this respect I 
am glad that there is being established in this country a 
very fine teamwork between the Atomic Energy Authority, 
the fabricators, and the steel industry. 

In the nuclear power stations being built in this country, 
the gas temperatures are of the order of 400°C, and the 
author envisages a substantia! increase in the gas tempera- 
tures for future stations. Could he say how far these are 
likely to affect the actual temperature of the steel plates? 
At the moment the target temperature at which we are 
aiming for the steel is of the order of 475—S00°C, and this 
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is a difficult enough problem, because of the difficulty of 
obtaining creep resistance combined with a high degree of 
notch ductility. 

The author has stressed the importance of containment 
in these reactor vessels. However, as the vessels are being 
stress relieved, how far could one relax the notch ductility 
requirements? I have yet to come across the case of brittle 
fracture in a vessel which has been stress relieved. From the 
engineering standpoint, it could be argued that if the steel 
has sufficient notch ductility for site welding without 
cracking, and provided there is a good sound weld, there 
need be no risk, but I would like to have the author's views 
on this point. 


Mr. J. E. Roberts (Colvilles Ltd.): It would be appreci- 
ated if Mr. Cunningham would enlarge a little on the way 
in which he anticipates the low-alloy steels being used. 
Does he think they will be employed primarily to reduce the 
shell thickness, and therefore perhaps lessen the site 
fabrication difficulties, or are they likely to be used to 
upgrade the working conditions of the reactor without 
increasing the thickness of the plates? The other alternative, 
of course, is the use of low-alloy steels in the high-tempera- 
ture zone of the reactor while using normal varieties of 
steel for the pressure shell, but it would seem that the 
increased pressures alone, which appear desirable, would 
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tend to eliminate the use of the ordinary boiler qualities, 
even under these circumstances. 

In considering the development of new steels for these 
purposes, it is essential to know what the primary proper- 
ties required should be; e.g. developments could aim at 
improving the tensile properties at room temperature to- 
gether with maintaining good notch ductility, or the aim 
could be to produce exceptional creep resistance over very 
long times, or to have high ultimate strengths at working 
temperature together with extreme ductility, and so on. No 
doubt the engineer would like all these properties improved 
simultaneously, but this is rather difficult for the metal- 
lurgist and it would be useful if agreement could be 
reached on which of the various features | have mentioned 
is the most important. 

The development of improved steels is at present aimed 
at producing a steel with about 45 tons/in® minimum 
U.T.S., good impact properties at —40°C, together with 
high-temperature properties for service at 475-500 C. Does 
Mr. Cunningham think this is good enough, or does he 
hope for something better in the immediate future? 

Mr. Cunningham remarks in the paper that working 
temperatures are expected to rise by about 100°C in each 
of the next few five-year periods; by 1980, this would 
entail working temperatures of 900°C, which seems 
distinctly high for this type of equipment. Is that likely? 


Mr. E. Fuchs (1.C.1. Ltd., Alkali Division): Mr. Cunning- 
ham has done the Institute, and particularly the readers of 
this paper, a great service by bringing clarity to a subject 
that is so difficult to those who are not conversant with it. 

1 feel that, for engineers, the word ‘containment’, as 
ised in the papers, ought perhaps to be translated into 

ore everyday concepts. Does it in ordinary everyday 
engineering language refer to pressure vessels and pipes? 
This containment is a dual-purpose one—the containment 
f dangerous fission products and whatever results from 
hem, and that of normal chemicals, such as acids, gases, 

nd water. | feel that we must be very careful to differ- 
ntiate these two. Thus, the welding of beryllium, zircon- 
im, and other materials which will be used to handle 
sion products, seems to have a different aspect from the 
of the pipelines and vessels up and down the 

vhich, I suggest, need not be treated as specials. 

\ few years ago it seemed that the direction in which we 

re going with high-pressure vessels demanding greater 
ind greater thicknesses was either lamination or strip 
winding of vessels. There were published by the Institution 
of Mechanical Engineers several designs for such vessels, 
where the problems of welding became quite insignificant. 
The containing shell was quite thin, and it was supported 
everywhere by mechanical means on the outside. This 

pproach might be looked into more carefully. For 
nstance, in the next paper we are told of the great difficulty 
if designing the Dounreay sphere, because there was no 
information on the behaviour of a 150-ft diameter sphere 
subjected to external pressure. If all the elements so sub- 
jected could be greatly reduced in area, by external struc- 
tural support, that problem might almost disappear. 

Lastly, perhaps Mr. Cunningham would comment on the 
design of the power plant. At the moment we have put the 
design of the steam end back by about thirty years. As far 
as | can gather, the steam end of these stations is working 
at the pressure and temperature encountered only at the 
low-pressure end of a turbine in a modern coal- or oil-fired 
power station. The sensible course would, therefore, seem 
to be to take the 250 Ib/in* steam produced in the atomic 
station, and lift it up to high pressure and superheat, using 
coal and oil. Then the steam end could be modern and 
efficient, whereas at Calder Hall and in other designs it is 
extremely inefficient. | wonder whether there is any funda- 
mental reason why this could not be done. 
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Mr. J. A. MeWilliam (Firth-Vickers Stainless Steels 
Ltd.): Mr. Cunningham has referred to welded stainless 
steels in various parts of his paper. Could he give us the 
analyses of the different steels used? 

Stainless steel is used in the American pressurized-water 
reactor. The descriptions available in this country have 
shown the lining of low-carbon 19-9 type steei welded 
to carbon steel in a thick-walled vessel. That seems to 
me to be a design favourable to stress corrosion. Would 
Mr. Cunningham comment on that? 


Author’s Reply 

Mr. Cunningham: In regard to the temperatures involved, 
the next step, to be made in about two years’ time, is a rise 
of about 100°C to approximately 500°C. It appears that Mr. 
Barr is producing a steel that will be suitable for this, and 
we shall be very grateful indeed. 

In some of the current designs, the steel of the pressure 
vessel is not exposed to the sweep of the hot outlet gas, but 
as temperatures and ratings increase, and the heat capacity 
of the reactor decreases as a consequence, high-tempera- 
ture properties will become necessary. These developments 
are of the utmost importance. They will lead to reductions 
in the cost of nuclear power which will, I believe, take it 
below any figures that can be achieved with coal or oil. 

When we get the steels mentioned by Mr. Barr, however, 
the problems of welding large vessels under site conditions 
will become more and not less critical. 

To Mr. Barr’s question whether one could relax the 
notch ductility requirement to obtain other properties, | 
would answer ‘No’. One of the effects of irradiation is to 
embrittle steel, so that it is not enough that the steel is just 
sufficiently ductile for site welding without cracking. There 
will always be stress-raising defects present, and the design 
must be proof against transient fault conditions in which 
stresses and temperatures may be higher than normal. 

In reply to Mr. Roberts, | doubt whether the better 
properties of high-strength steels will be used to reduce the 
thickness of vessels. As I pointed out, the heat rating per 
ton of metal and the coolant pressure are directly related, 
and increased rating leads to lower capital costs. For this 
reason, the greatest thickness which can be welded under 
site conditions will be employed. 

The steel described by Mr. Roberts would appear very 
suitable for the next stage in gas-cooled reactor design 
when the introduction of beryllium canning raises gas 
temperatures to 500°C. Such a design might have a capital 
cost of £80/kW installed, as against costs of over £100/kW 
at present. 

The forecast of a temperature increase of 100°C every 
five years was a long-term one, and to take it to 1980 and 
900°C involves a very large extrapolation. | certainly think 
that the next two steps of 100°C can be made in the next 
ten years, if pressure-vessel steels are available. 

On the question of containment raised by Mr. Fuchs, 
there are obviously some parts of nuclear plants where the 
problems are simply those associated with containing acids 
and other difficult substances in any chemical plant. The 
penalties for failure are the usual ones of holding up out- 
put, cost of repairs, and so on. 

Such plants, however, will form only a small proportion 
of the whole, because uranium and the plutonium produced 
from it will be passed through a complex cycle of chemical 
plants and reactors to extract the maximum possible heat. 
During most of this cycle one will be handling radioactive 
material, because it will not pay to extract fission products 
completely. Thus, processing plant as well as reactors will 
have to be designed to avoid the danger of releasing fission 
products. 

Laminated vessels are extremely interesting. They ap- 
pear to offer the prospects of higher coolant pressure, and 
therefore higher output, without increasing diameter and 
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with reduced plate thickness. Cylindrical shapes appear 
the most easily developed, and no laminated sphere has yet 
been proposed. It will obviously be necessary to be very 
careful in using a very large laminated vessel to contain a 
reactor for the first time, but there appear to be no in- 
soluble problems. 

It is true that at Calder Hall the design of steam plant 
goes back about thirty years. Bradwell and Berkeley have 
brought it back almost half-way, however, and if the 
progress I have forecast is made, steam conditions equal to 
any in use at present will be current in ten years’ time, that 
is about fifteen years after starting to design Calder Hall. 

The use of separately fired superheaters has been pro- 
posed a number of times in the last few years, but no one 
has succeeded in proving it worthwhile. There is no funda- 


mental difficulty in doing this. Possibly there has been a 
certain amount of prejudice, but it is clear that the econo- 
mic advantage, if any, is marginal with present-day 
designs. It would be a waste of time to divert scarce design 
effort to the problems involved, in view of the expected rise 
in operating temperatures in the next few years, which will 
make it quite uneconomic. 

I am not familiar with the type of vessel with a stainless- 
steel lining welded to a carbon-steel thick-walled vessel to 
which Mr. McWilliam refers. | would imagine that the 
making of very reliable connections to it might prove 
difficult. 

The stainless steel to which I referred, for instance for 
the fast-reactor coolant circuit, is a standard 18-8-I-1 
austenitic steel. 





Joint Discussion on the Papers* 


SOME WELDING DEVELOPMENTS APPLICABLE TO THE FABRICATION OF HEAVY PRESSURE 
VESSELS FOR NUCLEAR POWER STATIONS 


By J. A. Lucey, A. H. B. Swan, and P. F. Wilks 


FABRICATION, ERECTION, AND WELDING OF THE DOUNREAY SPHERE 


By J. McLean and J. A. Forrest 


Mr. Lucey and Mr. Wilks, presenting the first paper: It 
should be noted that, with the technique for making multi- 
pass welds with the multi-power tandem welding process, 
the size of weld run remains virtually constant throughout 
the weld. As the welding current is increased after the 
initial runs, so the welding speed is increased to keep the 
size of run deposited approximately constant. 

One comment on the published settings is that the speed 
of the first weld run may be as low as 6 in./min, particu- 
larly when using a V preparation, in order to reduce any 
tendency towards centre-line cracking on the first run. 

The joint design must be considered in relation to 
individual circumstances in each application, and that 
shown in the paper is representative of the type of joint 
which has been used for single-electrode multi-pass welding 
on normal size pressure vessels 

It may be of interest to note that developments of auto- 
matic welding techniques for the girth welding of circum- 
ferential seams in large vertical vessels are still taking place. 
A possibility now being explored uses the continuous 
covered-electrode process with supplementary gas shielding, 
and the early work is very promising. Radiographic pro- 
perties are good and mechanical properties quite satis- 
factory. 


Mr. E, Fuchs (1.C.1. Ltd., Alkali Division): One striking 
feature about the welding of these heavy plates—and 
particularly the methods foreshadowed by Mr. Lucey in 
his summary—is how far the welding processes are becom- 
ing similar to the metal production processes, or rather, 
the other way round: enormous volumes of metal are 
being produced by means of arcs from metal wire, exactly 
as ingots are nowadays being produced in steel, titanium 
and so on, either under a flux, or a gas shield. Whether it 
will be possible to do away with flux and gas by welding 
in vacuo, as in ingot production, remains to be seen. 

A particularly interesting point in this paper is the pro- 
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duction of electrodes with a rutile coating which give low- 
hydrogen deposits. The basic-coated electrode has always 
presented operational difficulties, and this has favoured the 
rutile electrode in spite of its shortcomings. The solution 
of this problem is very good news indeed. It is probably a 
trade secret, but if by any chance we can be told why such 
an electrode can now be produced, it would be most 
interesting technically. 

| am a bit horrified to hear we are now going to be asked 
to ‘cap’ our welds again in pressure vessels with additional 
layers of weld metal. This used to be a requirement in the 
regulations, the first Lloyd’s rules and so on, and my own 
deduction from what has gone on over the last 20 years was 
that by reducing the hydrogen and nitrogen content of 
weld metal we could get good notch impact values in spite 
of the coarse structure as deposited. That was the case 
with the ‘Unionmelt’ process, where everyone at first 
thought that the welds would easily break up into small 
pieces because of the dendritic structure. In fact, notch 
impact values proved to be reasonably good because of the 
weld metal purity. I shall strongly oppose any rulings that 
call once more for the ‘capping’ of pressure vessel welds. 

In regard to Table V in the paper by Lucey, Swan, and 
Wilks, I cannot believe that there is a weld metal with 
39-2 tons/in? yield stress and 40-9 tons/in® maximum 
stress, and very much hope that this is a mistake. 

We are being pressed by the Continent to design more 
and more on yield, defined as 0-2°, proof stress. We have 
agreed to this for the international boiler code, but I think 
the method is only feasible because we are using steels with 
comparatively low yield points. If we are to use high yield 
weld metal, say proof stress 34 tons/in® and ultimate 
stress 37 tons/in?, and use a design stress factor of 0-625 on 
proof stress in vessels with even quite normal stress 





* Brit. Welding J., 1957, vol. 4, Oct., pp. 449-457 and 457-466. 
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concentrations, we shall run into trouble. The pushing up 
of the yield stress is not a desirable feature. 

I should be interested to hear the cost per pound of 
deposit from the electrodes with the improved types of 
slag and the iron powder coatings. The price of these 
electrodes is much higher than that of the normal types, 
and they will really only help us if the cost as deposited 
taking into account welding speed and so on—is lower. 

I assume that the low-temperature properties of the 
rutile-coated low-hydrogen electrodes are similar to those 
of basic-coated electrodes. 

On the paper by McLean and Forrest, may we make a 
plea that the authors publish their strain-gauge results, 
because they will be of very great value to industry gener- 
ally, particularly the constructional industry. 

The authors seem to have discovered the same thing as 
we discovered in putting up a very large portal frame 
structure—that however liberally one designed the struc- 
ture, when one loaded it as heavily as it ever would be 
loaded, the measured stress figures were still very much 
lower than the design stress figures. 

I assume that the P?.403 steel is the same as the ND. | for 
which curves are given in Fig. 3 of the paper? 

In the International Institute of Welding Commission XI 
we have been working for years on the details of weld 
preparation for pressure vessel connections. The prepara- 
tion shown in Fig. 8 of this paper, i.e. the 45° bevel with 
no root gap, is one that we have been fighting against for 
many years, because of the aertainty that slag will be 
present at the root. Similarly, in Fig. 9, the 45° angle for a 
single-V weld entails much more back-gouging than is 
necessary. In drafting B.S.1856 (‘General Requirements for 
Metal-arc Welding of Mild Steel’), after much discussion, 
we decided on the root gaps that should be allowed for 
different angles, and this does not conform. With such a 
close gap and small root face, much back-gouging has to 
be done which could have been avoided. 

There has been a great deal of discussion internationally 
and in this country on ‘Arcair’ gouging. I assume that after 
gouging with the ‘Arcair’ torch the authors in some way 
removed the metal at the groove surface, which may have 
had a high carbon content, as has been proved in a number 
‘f metallurgical laboratories. I do not think Lloyd’s are 

cepting the ‘Arcair’ gouge without this precaution. 

1 was horrified to read that a sprayed zinc coating was 
imply welded over and the men kept happy by a pint of 
milk a day. In our Billingham Division practically every- 
thing is zinc-sprayed now, all the pipework and so on. They 
started by welding over the zinc, with resultant heavy fumes 
to which no welder should be exposed. Now, whenever they 
flame-cut or weld, they first rapidly pass a welding torch 
along the face to be cut or welded; this removes the zinc 
for about 4 in. along the joint, and then they can weld 
quite happily without milk—not even Windscale milk! 


Mr. Forrest: We should like to make a plea to the steel- 
makers to give us flat plates from the mills; at times they 
have not given us plates as flat as we would like, and then 
it is very difficult to obtain constant root faces for welding. 


Mr. J. E. Roberts (Colvilles Ltd.): I should like to ask 
Mr. Lucey and his colleagues for their thoughts on the 
application of automatic welding methods to the high- 
strength steels which have been mentioned earlier this 
morning. It would appear that, for any form of automatic 
welding, the use of carbon dioxide shielding with some 
form of flux addition is the most promising procedure. For 
hand welding a low potential-hydrogen flux coating will be 
essential. So far as I know, there is at present no electrode 
in existence which will match or better all the properties of 
the parent steel, i.e. notch ductility, and tensile and high- 
temperature properties, and it would be interesting to know 
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whether the authors are aware of any specific develop- 
ments towards such an electrode, or, better still, of some 
existing product they think would be suitable. 

The authors’ comments on using the dual-head girth 
welding machine on atomic reactors assume that the vessels 
are cylindrical; however there seems to be a greater interest 
in the use of spherical vessels, where this type of equipment 
would presumably only be applicable at the equator seam 
and possibly one course up and down from this. On the 
remainder of the vessel, positional welding, including 
overhead welding, is bound to be required, and automatic 
equipment for such applications would seem to be very 
much in the development stage. It would also be interesting 
to hear the authors’ views on the maximum thickness of 
plate which can conveniently be tackled by such machines 
as the twin-head girth welder. 

On the suggested developments of the electro-slag 
process, two comments could be made. I believe that this 
process was developed or at least used in Germany during 
the war (though I have no proof of this suggestion), but 
was subsequently discarded because of the relatively poor 
weld quality. The authors suggested that deposition rate is 
increased by resistance heating of the electrode, implying 
that an arc still exists, whereas when the process was 
described by Professor Rykalin recently he indicated that 
the whole of the melting taking place was due to resistance 
heating, and that there was in consequence a molten pool 
of considerable size present throughout the whole of the 
welding operation. Together with the insulating slag 
covering, this method would be expected to give relatively 
slow solidification and a fairly coarse grain structure, 
which would not provide particularly good properties, 
especially in respect of notch ductility. 

In regard to the welding of “‘Ducol W 30°, the composi- 
tion is shown as 0°17°, carbon, which is in fact the 
maximum carbon content that will be obtained in this 
specification, the more usual range being from 0-14 to 
0-16°,. In Table III, giving the results of mechanical tests 
on parent plate and weld material, it should be noted that 
those quoted as ‘weld metal’ are in fact from a composite 
transverse specimen composed of plate and weld, and 
therefore the proof-stress values and elongation values are 
not particularly informative. The important data are the 
ultimate tensile strengths, where failure in fact occurred in 
the weld metal but with a strength similar to that of the 
plate, and the reduction in area, which gives an indication 
of the ductility of the weld deposit. 

Mr. McLean and Mr. Forrest deal with the fabrication 
of a very large vessel, and it would be interesting to hear 
whether in the fabrication of the somewhat smaller spheres 
of heavier plate (about 3 in. thick), they anticipate having 
significantly greater difficulties than they had with the 
Dounreay sphere, which seems to have behaved remarkably 
well. 

The authors say that they used basic low-hydrogen 
electrodes for welding all the material, presumably because 
of the generally superior notch ductility obtained from the 
weld deposit from an electrode with this type of coating 
and not because the ‘Coltuf’ and *P.403° steels are difficult 
to weld. The latter could hardly be the case, as the typical 
carbon content of both these qualities is from 0-11 to 
0-16°, with manganese from 0-8 to 1-4°%, and no alloy 
additions. Figure 16 of the paper shows many clips and 
brackets welded on to the sphere to aid erection. These 
brackets would subsequently be chipped off, and whilst in 
the unalloyed notch-tough steels this practice may be 
permissible in some cases, of which this is one, there are 
many instances where it would not. I should be particularly 
wary of similar treatment to the higher-strength low-alloy 
steels, where the danger of high heat-affected-zone hard- 
nesses, coupled with cold working and possible notching of 
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the surface during chipping off the brackets, could give rise 
to trouble later in the life of the vessel. 

On the point raised by Mr. Fuchs, P.403 and ND.I 
steels produced in Britain generally have similar composi- 
tion and treatment, the main difference being in the amount 
and nature of acceptance testing; ND.I has guaranteed and 
tested notch ductility, whereas P.403 is untested in this 
respect, though in general its notch ductility is expected to 
be similar. The curves of impact energy transition given in 
Fig. 2 are presumably from individual plates, which would 
explain why the properties shown for mild steel are rather 
poorer than is usual, whereas those of ND.II are signifi- 
cantly better than the guaranteed values. 

Mr. Forrest has been rather critical of the flatness of 
plates delivered to him; may I ask what flatness tolerance 
he would like, and how much trouble in edge preparation 
or pressing is attributable to lack of flatness? 

Finally, | would endorse the request for information on 
the relationship of strain measurements to the estimated 
design conditions, and on whether there were any particular 
regions in which significant differences were observed. 


Mr. QO. Bondy (Department of Naval Construction, 
Admiralty, Bath): The method described by McLean and 
Forrest, for supporting the 135-ft diameter sphere, was 
indeed original. Was this done here for the first time, or 
have large spherical structures been supported in a similar 
way before? Large-diameter steel spheres, riveted or 
welded, have usually been supported at the equator, either 
by tubular struts or in some other way, or at some circular 
line below and parallel to the equator. 

The two cylindrical skirts penetrating the spherical shell 
must have presented the designers with a few headaches, 
and later on the steel erectors and those responsible for 
welding and testing 

Figure 6 shows this type of joint; but | am puzzled by the 
fact that in Fig. 11 an entirely different solution has been 
found for a somewhat similar design problem. In other 
fields, we are certainly aiming at 100°, radiography, and 
this is a well-established target for structures of this 
magnitude and importance. Joints of the type shown in 


Figs. 6 and 8 are hardly satisfactory from that point of 


view, while the joint shown in Fig. 11 is. Could the authors 
comment on the fact that for the joints shown in Figs. 6 
and 8 they gave up the ideal of 100°, radiography? The 
heavy T-shaped forged steel ring in Fig. 11 is the ideal 
shape, as I see it, for this type of joint, both for its structural 
efficiency and for radiographic inspection. 

Could the authors give details on the quality of the 
material and on the method of machining it into shape? 
Would it have been possible to use, say, cruciform-shaped 
forged pieces for the skirt penetration joints? They might 
have been too expensive, but they would have been open to 
100°, radiography. Could an indication be given of the 
percentage of defective welding found in these joints, if 
any? 


Dr. A. A. Wells (B.W.R.A.): Figure 2 of the paper by 
McLean and Forrest gives critical buckling values for the 
external pressure conditions for this sphere. Mr. McLean 
has already referred to the closeness to criticality that 
might have been reached in the test at 4 Ib/in®. The lines in 
Fig. 2 all appear to be straight lines, which would mean 
that we have a number of critical stresses for external 
pressure and buckling which do not depend upon the 
diameter-to-thickness ratio. It would be helpful to know 
the assumptions related to these very divergent lines. Why 
did it seem permissible to use a test pressure giving a con- 
dition higher than the lower two lines on the diagram, 
which would have predicted collapse at 4 Ib/in*? 

In regard to the choice of steels, the impact-energy 
testing-temperature curves in Fig. 3 give values for a 
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number of steels; however, if one examines representative 
mild steels, these do not always appear so far to the right 
relative to the others. 

Another important point is that, if the P.403 or ND.I 
steel was a high manganese/carbon ratio steel and not, 
perhaps, a fully killed steel, the crack arrest temperatures 
from representative Robertson test data show an interest- 
ing distinction between such a steel and mild steel. Below 
the crack arrest temperature, cracks may run at signific- 
antly lower stresses in such a steel than in a coarser- 
grained mild steel. In this instance, the greatest stresses in 
the body of the sphere, under the pressure condition, 
appear to be in the order of 3 tons/in*; there will, of course 
be local stress concentrations. But here we have a com- 
parative rarity in an engineering structure, in that we can 
operate below the least stress for propagation in the brittle 
condition, as shown by the Robertson test. I suggest that 
for construction of this kind, one might well consider mild 
steel as a sensible material to use. 

Mr. Fuchs has made a plea for the publication of strain- 
gauge data with reference to the openings and stress con- 
centrations in this sphere. | should like to emphasize that 
I think it would be extremely valuable to us if we could 
have these data, since we were disappointed about the 
absence of full data on the Calder Hall vessel.* 


Authors’ Replies 


Mr. Lucey: In reply to Mr. Roberts, I envisage that an 
automatic welding machine could be developed to perform 
the majority of the welding on seams following the lines of 
latitude on a sphere. Since automatic welding can only be 
applied to butt welds which are inclined between flat and 
horizontal-vertical, the machine would weld only on the 
outside of the top half of the sphere, and on the inside of 
the bottom half of the sphere. The joint preparation fot 
each seam could be designed so that the major proportion 
of weld metal would be deposited by machine. 

| have not heard of the use of electro-slag welding prior 
to its development in Russia. Basically the same system of 
submerged-arc welding in a copper mould has, however, 
been used in Britain and America for special applications 
such as the fabrication of heavy chain cable. The manner 
in which metal is deposited in the electro-slag process 
corresponds with the manner of deposition in normal arc 
welding. The electrode is melted by a combination of 
resistance heating in the electrode itself and the high 
temperature resulting from the passage of welding current 
through the molten slag. The process is a very interesting 
one, and is being investigated in this country. Some 
caution must be observed, however, in evaluating it since 
electro-slag welds do have a coarse grain structure, and it 
has been noted in some Russian articles that it has been 
necessary to normalize the weld in most cases in order to 
improve physical properties. 


Mr. Wiiks: In reply to Mr. Fuchs, it is not always 
realized that many ordinary iron-powder-rutile electrodes 
do give poor mechanical properties. The figures quoted in 
Table V for a weld metal with 39-2 tons/in® yield stress and 
40-9 tons/in* maximum stress illustrate this. There is no 
mistake in these figures. They were obtained from a well 
known brand of rutile—iron-powder electrode tested in the 
way stated. 

It was as a result of this state of affairs that a low- 
hydrogen form of iron-powder-rutile electrode was 





*G. Brown, M. J. Horne, and R. F. BisHop: “Design and con- 
struction of reactor vessel,”’ British Nuclear Engineering Con- 
ference, Symposium on Calder Works Nuclear Power Plant, 
London, 22-23 November, 1956. 
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developed. This important technical advance was made 
possible by carefully selecting the ingredients for the cover- 
ing, and following the manufacturing procedure appro- 
priate to any low-hydrogen electrode. 

The low-temperature properties of low-hydrogen iron- 
powder-rutile electrodes compare favourably with most 
electrodes used for general structural work, although they 
are not so good as those obtained from the best basic 
low-hydrogen types. 

The cost per pound of weld metai from low-hydrogen 
iron-powder-—rutile electrodes will depend on the circum- 
stances under which they are used, but these electrodes are 
attractive. Speed of deposition is very high, and they have 
excellent current-carrying capacity. The deposition rate is 
of the order of 12 Ib/h from 4 s.w.g. electrodes. This is far 
in advance of the ordinary general-purpose electrode, and 
even allowing for their higher price, enables weld metal to 
be put down much more cheaply. On actual examples that 
have been worked out, savings of up to 25°, have been 
effected. 

Regarding the use of ‘capping runs’, these are not 
nowadays necessary to meet any of the normal code 
requirements for impact properties of welds. As Mr. Fuchs 
pointed out, even the coarser-grained structures produced 
by automatic processes are adequate for the calls made 
upon them. However, grain size does play an important 
part in determining the impact properties of welds, parti- 
cularly at low temperature, and as the top run in a multi- 
pass joint is not refined, the possibility of using an additional 
‘capping run’ should not be forgotten when it is required to 
»btain the exceptional results which appear to be necessary 
for atomic energy work. 

There should be no difficulty in matching the chemical 
analysis of any piate produced in either a manually or 
automatically deposited weld metal, but the problem 
presented by mechanical properties is a little different. The 
usual comparisons made do not take into account the 
fundamental differences between the materials. Plate is a 
wrought material, usually normalized and sometimes 
quenched and tempered. Weld metals are usually judged by 
the properties they give in the as-welded or stress-relieved 
conditions. If weld metals are heat-treated in the same way 
is plates, their properties are usually enhanced in the same 
way. The problem of developing new electrodes with better 
nechanical properties for use on the new steels under 
development is constantly receiving attention. 


Mr. McLean and Mr. Forrest: In regard to the publication 
of the strain-gauge results, we have a tenth-scale model 
which is being tested for correlation of the strain-gauge 
results with those from the sphere. This will form the 
subject of a separate paper. 

When steels were considered for the Dounreay sphere, 
V D1 was just beginning to be talked about and P.403 had 
established itself. Hence the use of P.403 in the job. 

The preparation shown in Fig. 8 in the paper was found 
by trial at the works to be the best for this particular steel. 
Fig. 14 shows a similar type of weld after etching, and there 
does not appear to be any slag at the root of that. 

With regard to ‘Arcair’ gouging, as stated in the paper, 
the back-gouging was done by both ‘Arcair’ and flame 
gouging. There is a difficulty in obtaining really good 
flame-gouging operators. We did agree with the Atomic 
Energy Authority that one can get deposits of carbon on 
the gouged metal, and to obviate that we used wire- 
brushing after “Arcair’ gouging. We are investigating this 
question more fully at present. 

With regard to welding through the zinc coating, we 
agree that this is injurious to health. Whilst in most cases 
the welding was done in the open, at the wind girder there 
was no means of getting circulation of air. We do not know 
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the merits of the pint of milk, but it kept the welders happy 
and they got on with the job. 

We do not anticipate any more difficulty with small 
thick vessels than with large comparatively thin ones. We 
have successfully welded thicknesses up to 2 in. in the field, 
and going up to about 3 in. will not make much difference. 
There will be one or two differences about shop fabrica- 
tion; the plates for the Dounreay sphere are all pressed 
cold, and for the new civil power stations they will be 
pressed hot, but we do not expect any undue difficulties. 

We agree that it is undesirable to have brackets welded 
on to the sphere, and we shall avoid that as much as pos- 
sible on the civil power stations. It is difficult to prevent 
welders from striking an arc on the sphere plates from 
time to time, in spite of the strictest supervision, but it is 
undesirable and we shall do our best to prevent it. 

On flatness tolerance, all we ask is whatever the Ameri- 
cans can get out of their four-high mills, which they have 
had since about 1918. We do, at Dounreay, cut the plate- 
edge preparation on the plates before pressing. It was due 
to the corrugations in the plate that the flame-cutting 
machine was unable to follow the plate edge as accurately 
as it should have done. If a plate is badly corrugated it 
will be much longer after flattening. This has to be antici- 
pated when the plates are marked out in the first place. 

The only previous experience we had of the method used 
for support of the sphere was the usual pressure-vessel 
skirt method, and we have had in operation in our works 
a small sphere one-tenth the size of this one, supported by 
this means, which has been satisfactory. We would have 
preferred to support the structure on tubular columns from 
the equator line, because that would have made the erection 
job easier; we should have started from the equator circle, 
and worked up and down from that. As it was, we had to 
start from a small circle at the bottom, try to strike a true 
circle at the equator, and keep it true, going right up. There 
is no doubt that the method of support presented some 
unique and difficult design problems. There again it was 
mathematical and theoretical information on which we had 
to base our designs. As mentioned in the paper, at some 
stages yield-point stresses were almost reached. 

We have considered the use of cruciform sections, but it 
was felt that difficulty of obtaining them and their cost did 
not warrant their adoption. 

Regarding radiography, the principle was set early on 
the job that any weld that had to retain pressure should be 
radiographed, and that is why the welds shown in Fig. 11 
are of the type that can be. The welds for the support of 
the vessel were not radiographed. We did not consider 
using ultrasonic testing for the skirt and shell joints, but 
we did use magnetic crack detection. Any faults discovered 
were purely on the surface, and the percentage of defects 
very small. We had a few hair-cracks on the surface, but 
only of the order of 2°% or possibly less on the circumfer- 
ence. 

It is difficult to assess the overall percentage of repairs 
on welds on the sphere. One could find out the percentage 
of radiographs that were retaken, but that would be mis- 
leading. On a 15-in. length of film there might only be } in. 
weld defect, but on another there might be [5 in. to repair. 

We have considered analysing a sample of the thousands 
of films we took to assess the percentage of weld repairs 
relative to the footage of radiograph. It would seem to be 
something of the order of about 10°, repeat radiography, 
but there was proportionately more in the bottom half of 
the sphere than in the top. 

The critical buckling values shown in Fig. 2 were taken 
from various sources and include test results on a little 
10-in. diameter sphere. The basis was a 135-ft dia. sphere, 
subject to external pressure, and if you take the plate 
thicknesses and go up to the various values, whatever your 
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choice may be, they will give you an indication of what 
your buckling stresses would be. The values were taken 


from many different sources, and there is a great lack of 


real information on the behaviour of such a vessel. The 
relation of diameter to thickness comes into the formula 
used. 

Regarding the choice of steel, Dr. Wells is right; the 
stress level of 3 Ib/in* was the maximum in the vessel. It 
was thought at the time that because there might be other 
stresses present with so many high concentrations, especi- 


Joint Discussion on the Papers 


ally round the skirt and where the airlock enters the sphere, 
and since the sphere was being erected in the north of 
Scotland, it would be expedient to use a steel with greater 
notch ductility. Since this decision was made, new develop- 
ments have taken place and other information has come 
forward. 
CORRIGENDUM 

On p. 460 of the paper by McLean and Forrest, the yield stress 
of ‘Coltuf 32’ steel is quoted as 17 tons/in*; the correct value is 
21 tons/in® minimum, 


WELDING OF HEAT-EXCHANGER ELEMENTS IN A FAST BREEDER REACTOR 
By S. H. Griffiths 


THE WELDING OF ALUMINIUM TANKS FOR EXPERIMENTAL REACTORS 
By J. F. Lancaster 


Dr. A. A. Wells (B.W.R.A.): Liquid metals contained 
in stainless-steel pipe systems are comparatively new de- 
velopments, and | should like to ask Mr. Griffiths what are 
the prospects of there being stress-corrosion conditions 
with the simultaneous presence of the hot liquid metal and 
the stainless steel. There are cases on record where ex- 


tremely fast inter-crystailine corrosion in the presence of 


stress has occurred under condition where there are also 
contaminants. What is the prospect of that happening in 
this particular system, particularly with regard to the pipe- 
work? I can see no reference here to any subsequent stress- 
relief operation on the welded joints. 


Mr. J. A. MeWilliam (Firth-Vickers Stainless Steels 
Ltd.): On p. 408 Mr. Griffiths refers to stainless steel of the 
18—8—1 type. I feel it would have been better to be more 
precise and say whether the ‘I’ refers to titanium or 
niobium, and also to refer to the chromium and nickel 
contents. People in other industries may read these papers 
who are not so familiar with steels as we are. On p. 408, 
on the butt welding of austenitic steel tubes, the author 
says that “the root run was made by fusing the two closely 
butted faces of the ‘land’, and a second or third run was 
made, if necessary using filler wire’. However, from Fig. 5 
it would appear that filler wire would always have to be 
used. 

In connection with the spider supports which act as 
distance pieces between the inner and outer tubes, I am not 
quite sure from Mr. Griffiths’ remarks on p. 408 whether 
the spider is also welded at the outside, or whether it is 
free to float between the inner and outer tube. 


Mr. E. van Someren (Murex Welding Processes Ltd.): 
I would like to congratulate Mr. Lancaster and his 
colleagues, in particular on the good co-operation between 
the welding engineers and the designers. The weld pre- 
paration shown in Fig. 9 is a most unusual arrangement, 
and it is interesting that the designer's boldness was 
rewarded by success. 
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In discussing the fillet welds, the author twice mentions 
the possibility of using a less pure filler metal instead of 
changing the welding technique. Was this ever tried? I 
would suggest that the risk of corrosion of electrolytic 
origin between S | A and S 1C aluminium, or even between 
S 1A and Al-5 % Si alloy (diluted by welding), is not much 
greater than the corrosion risk which would arise if a 
tungsten inclusion, in course of time, reached the wet 
surface of the metal. 

Finally, I would like to suggest that, at least for }4-in. 
aluminium, the standard of radiographic soundness de- 
scribed in the appendix is no better than could be achieved 
by metal-arc welding with coated electrodes. Perhaps the 
author will correct me if | am misinterpreting section 3 (e) 
of the description. 


Mr. N. T. Burgess (Aluminium Development Associ- 
ation): Would Mr. Lancaster say a little more about the 
risk of argon entrapment that was experienced in these 
tanks? Is the 50°, hydrogen-S0°, argon mixture to be 
found in all porosity in aluminium weldments, or is it 
restricted to this type of work? Further, is it more likely to 
occur with self-adjusting-arc welding than with argon-arc 
welding? 

With reference to cracking during the welding of high- 
purity aluminium, I am surprised that Mr. Lancaster did 
not consider the technique of using a filler rod of lower 
purity, as Mr. van Someren has suggested. Mr. Lancaster 
has shown in earlier work that from the corrosion resist- 
ance point of view there is little advantage in using a filler 
rod of higher purity than the parent metal. 

I think Mr. Lancaster has been rather severe in saying 
that the best quality weld obtainable is still a good deal 
lower for aluminium than for steel. We have heard from 
Sir John Cockcroft that some 30 miles of welded alumini- 
um pipe had been installed at Capenhurst and that this is 
giving excellent service. I feel that improvement of such a 
situation is a question not only of research and develop- 
ment, as Mr. Lancaster suggests, but also a question of the 
training and education of the welder, the engineer, and the 
metallurgist. To that end the A.D.A. have been very 
concerned with the preparation of the first British Standard 
for the argon-arc welding of aluminium. I am confident 
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that this will materially help the situation as regards im- 
proving weld quality and general soundness of the weld, if 
we can get these ideas across to the welder. 

With regard to radiographic standards and the special 
requirements that have been drawn up for these aluminium 
tanks, | am glad to see that the techniques and the accept- 
ance factors agree roughly with those that the aluminium 
industry has agreed upon in its “General Recommenda- 
tions for the Testing of Welds and Welders” recently 
published by the A.D.A. 

The recent tentative Standard issued by the American 
Petroleum Institute is the first Standard, to my knowledge, 
to deal with aluminium welding practice, and relates to 
welded aluminium storage tanks. It deals in some detail 
not only with welding procedure and design, but also with 
radiography and standards of acceptance, and with poro- 
sity. Illustrations for the various thicknesses of plate indi- 
cate the amount of porosity that may be accepted. 


Dr. D. C. Moore (1.C.I. Ltd., Metals Division): Mr. 
Lancaster's paper contains a great deal of valuable in- 
formation on the welding of aluminium, and demonstrates 
how effective is the use of the scientific approach in solving 
welding problems. Indeed, gone are the days when one had 
to rely entirely on welding trials to establish satisfactory 
techniques. No metal processing operation requires more 
precise control than does welding, and it is heartening to 
see the progress that has been made in recent years in 
defining the significance of many of the controllable 
variables. 

That aluminium vessels have been chosen for the tanks 
of water-moderated research reactors reflects the confi- 
dence that is now held in the reliability of aluminium 
welds. However, Mr. Lancaster has been very frank about 
the quality of such welds, pointing out that even now the 
best obtainable do not reach the standard of the best in 
steel. It would be wrong, | feel, if this statement were 
allowed to create a false impression, since run-of-the-mill 
steel welds are far from perfect, and perfection is only 
sought in components for the most onerous duties. Mr. 
Lancaster's statement should however help in persuading 
Inspecting Authorities to adopt a more realistic attitude in 
the examination of aluminium welds; both B.W.R.A. and 
4.D.A. are also doing sterling work in this direction. 

| am mildly surprised that Mr. Lancaster continues to 
advocate the double-operator vertical method of argon-arc 
welding, in view of the great skill required on the part of 
the operators and because of the risk of centre-line un- 
soundness. These drawbacks counter-balance much of the 
economy of the process, e.g. avoiding the use of backing 
plates and chipping operations. So far as the porosity 
encountered in vertical welds is concerned, I wonder 
whether the peculiar mode of solidification of this type of 
weld may be an aggravating factor, in that gas has a less 
easy path of escape than exists in a conventional downhand 
weld. In addition, with the double-operator method of 
welding the rate of solidification is fairly rapid. which 
again would tend to aggravate porosity. 

Whilst not questioning the mathematics used to establish 
appropriate welding conditions for the flange-to-body 
weld, | would have thought that when the curves shown in 
Fig. 8 had been derived, it would have been clear that the 
results were unsound; in the case where the weld actually 
abuts the flange, a pre-heat temperature of about 640°C is 
indicated, which is contrary to good sense and established 
welding practice. 


Mr. Burgess has already referred to the presence of 


argon in the porosity encountered in the automatic inert- 
gas metal-arc welds, and I wonder whether argon entrap- 
ment contributes to the porosity encountered in other 
materials welded by inert-gas arc processes. Certainly in 
the case of porous copper welds we have never found any 
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argon present, and our analyses have always indicated that 
almost all the gas is hydrogen. The mechanism by which 
argon could be entrapped is rather obscure, but it is possible 
that surface roughness on the weld preparation may be 
responsible. 

It is somewhat surprising that hot-short cracking was 
encountered in the fillet welds used to attach the skirt ring 
and some other components to the vessel, particularly as 
hot-shortness did not become manifest in the butt welding 
operations. This may suggest that the weld configuration 
was such as to exert an extraordinarily high degree of 
restraint on the solidifying weld metal, and if this were so 
the weld design was fundamentally unsound. 

The results of the ‘fishbone’ cracking tests on the several 
grades of commercially pure aluminium are very interest- 
ing, and it is gratifying that the general form of the curve 
obtained with increasing iron content shows such close 
agreement with that put forward by other workers. In the 
‘fishbone’ tests the amount of cracking obtained was very 
considerable and was certainly much more than one would 
expect from commercially pure aluminium. 

Use of penetrant-dye crack-detection techniques for 
examining the fillet welds is rather unusual for aluminium 
welds, since the presence of the dye can interfere very 
greatly with subsequent weld rectification operations and 
cause severe porosity. Perhaps Mr. Lancaster can outline 
how he was able to overcome this problem. 


Mr. A. A. Smith (B.W.R.A.): The main difficulty in 
trying to use high current in the inert-gas metal-are welding 
of aluminium is the occurrence of puckering or elongated 
pores at welding currents above about 400 A. Although 
certain variables can raise the current at which defects 
occur in the weld, none of these techniques can prevent 
puckering or some oxidation above 500 A. Recent work 
at B.W.R.A. has resulted in the development of special 
nozzles which enable satisfactory welds to be made at 
currents much in excess of 500 A. 

Using 500 A, with a j4-in. dia. wire, a }-in. square-close 
butt joint can be made at 24 in./min, one pass either side, 
with good interpenetration. The same current successfully 
welds | in. thick aluminium at 12 in./min, again in one pass 
either side. 

This technique reduces the number of passes to be used 
when welding thick material, and consequently the porosity 
formed by remelting and coalescence. 

Regarding the argon entrapment, this is again probably 
due to high current being used with a conventional welding 
nozzle, when the oxidation resulting from the turbulence in 
the molten weld pool entraps the argon. This cannot occur 
when the nozzles I have mentioned are used, since oxygen 
is excluded. 


Mr. P. T. Houldcroft (B.W.R.A.): We have for a long 
time considered pure aluminium to be a relatively simple 
material to weld and fabricate, but it is clear from Mr. 
Lancaster's paper that we have still a lot to find out so far 
as points of detail are concerned. 

In regard to the edge preparation shown in Fig. 9, I was 
surprised at the rather wide dimension of { in. across the 
root. Possibly the explanation lies in the welding technique 
which was employed, and information on the number of 
passes, the welding currents used, and in particular the 
deposition of the passes within this edge preparation, would 
be helpful. One might guess that perhaps three passes were 
put in the root, one in the centre, and one on either side. 

Possibly the sharp corner of this preparation contri- 
buted to the trapping of argon in the weld and to porosity 
from that cause. 

We have observed argon entrapments in welds in both 
zirconium and titanium. It was, as Dr. Moore has sug- 
gested, due to roughness of the sheet edges when a close- 
square butt joint was used. 


MARCH, 1958 











DISCUSSION ON AUTUMN MEETING, 1957 115 


I was interested to note that Mr. Lancaster had used my 
cracking test; fortunately the results agreed with those of 
previous investigators. I should like to know under what 
conditions he used this test. It is possible to adjust the 
sensitivity of the test by changing the welding current and 
speed. With a material which is not very crack-sensitive, it 
might be necessary to increase the severity beyond that 
normally used. | have never met a material which it has 
been impossible to crack almost full-length if suitable 
welding conditions are selected. There is quite a scatter in 
the crack lengths obtained from this test, but because it is 
simple and economical it is possible to carry out a large 
number of tests and obtain a result statistically. 

When this test was first developed, we favoured the use 
of manual welding, because our welder was somehow able 
to take account of many factors which could not be cal- 
culated and produce a weld bead of constant width. There 
is considerable difference in weld width for given condi- 
tions, according to the conductivity and melting point of 
the material, and it is therefore impossible to fix the current 
and travel speed when investigating the weldability of 
several different alloys. It is simpler to ask a reliable welder 
to make welds of the same width. However, with tests on a 
single material, in this case pure aluminium, it should be 
possible to mechanize the test. My colleagues at B.W.R.A. 
are at present working on a mechanized version of the test 
in the hope of improving the results. 

As Mr. Lancaster has suggested, the choice of filler 
material for pure aluminium is a matter of nice judgment. 
One can use a slightly impure filler material to avoid 
cracking, but there is the risk of the corrosion resistance 
deteriorating. For many years it has been the practice in 
gas welding pure aluminium to hammer the welds in order 


to break up any intergranular films of iron and silicon 
eutectic which can accelerate corrosion. This is obviously 
impractical if one has to join material of § in. thickness and 
over. Would a possible way out of this difficulty be to use 
super-purity material and not get the films in the first 
place? 


Mr. J. E. Roberts (Colvilles Ltd.): At a recent meeting 
of the West Scotland Branch, we were shown some very 
nice pictures of stainless-steel tubing welded together by 
pressure welding. On the face of it, this could be a good 
way of prefabricating parts in the shop, saving argon cost 
and the need for manual skill, though I should think it 
would be impracticable for site fabrication. Would Mr. 
Griffiths care to comment on whether there is any future in 
this method of welding? 


Mr. J. G. Young (B.W.R.A.): Mr. Lancaster says that 
butt welds in the shell of the vessel were either rolled or 
hammered in order to bring them as close as possible to the 
half-hard condition. He measured the hardness, apparently 
only on the surface of the plate. One might expect a reason- 
able degree of uniformity of hardness through the thickness 
in material which had been rolled, but in the case of 
hammering this is doubtful. It is quite possible that he will 
get a half-hard condition on the surface but have done very 
little to the properties of the metal at the centre of the 
section. | would therefore ask for what reason were the 
welds hammered. | would also like to know whether the 
alternative of making a vessel slightly undersize and 
stretching it by stressing it to the proof stress of half-hard 
material has ever been considered, in this or similar 
circumstances. 


Authors’ Replies 


Mr. Griffiths: In reply to Dr. Wells, there was no stress 
relieving of the joints in any of these elements, but tests did 
show that the corrosive effect from the liquid metal used in 
the circuit was not very great. It is possible that mild-steel 
tubes would have been good enough for this particular 
service, but in view of the importance of avoiding leakage, 
and for reasons of cleanliness, stainless steel was used. In 
the circuits themselves, precautions have been taken to 
maintain the liquid sodium in a clean condition. There are 
special filter traps for removing any oxides that may be 
formed, which could possibly lead to trouble in service. 

The detailed chemical composition of the tubes was 
specified as follows: 


Chromium 17-5°, minimum 

Nickel 1S% - 

Titanium 5 »« C content, or 0-8 °,, maximum 
Silicon 0-9°, maximum 

Carbon 0-16°, 

Manganese 20% 

Sulphur 0-04", 

Phosphorus 0-04°, 


The filler rod was of the 18°, Cr-8°, Ni-Nb type; a 
typical composition was as follows: 


Carbon 0-09 °, 
Silicon 0-44°, 
Manganese 0-51% 
Sulphur 0-025", 
Phosphorus 0-016%, 
Chromium 18-8 °% 
Nickel 8-42%, 
Niobium 1-14% 


With regard to the use of filler rod, in the case of the 
base run, the ‘landing’ faces were fused together and filler 
rod was only added when the welder found it necessary; in 
all subsequent runs filler rod was always used. 

The spider supports for maintaining the annular space 
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between the outer and inner tubes are welded as a section 
of the inner tube with a butt weld, but the arms of the 
spider are free of the outside tube; they just act as spacers, 
and can float. 

In regard to pressure welding, my firm has done some 
investigation into the pressure welding of tubes, both in 
alloyed stainless steel and in mild steei. However, we are 
very dubious about the consistency that can be obtained 
with pressure-welded joints, and for that reason we have 
discontinued the investigation. We think the future will lie 
in flash welding rather than in pressure welding. 


Mr. Lancaster: The reason for the weld preparation 
shown in Fig. 9 was that we wanted to continue the }-in. 
section thickness that existed at the end of the joint right 
through the whole section, so that in effect we put down 
our root run on }-in. thick material. It was necessary to 
provide a very wide ‘land’, in order to reduce the chilling 
effect of the thick plate as much as possible. Secondly, to 
avoid excessive weld defects, we wanted to be able to put 
three runs side by side, and the width of { in. allowed such 
an arrangement to be obtained in the root. The square 
corner was welded in without difficulty. 

One of the difficulties with automatic inert-gas metal-arc 
welding is that if a heavy bead is deposited in too narrow a 
‘land’, it is difficult to deposit another bead on the up- 
standing first bead without porosity and other defects 
occurring in the root, owing to the sharp re-entrant be- 
tween the original bead and the edge preparation. 

In reply to Mr. van Someren, we did not try out the 
effect of a lower-purity wire. In this connection, it may be 
of interest to say something about the purity of the 
aluminium of this vessel. In high-purity water, such as the 
tank was to contain, super-purity aluminium has a lower 
corrosion resistance at elevated temperature than com- 
mercial-purity aluminium; in particular, it may be subject 
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to intergranular corrosion. This effect diminishes as the 
purity decreases, at least down to about 99°. On the other 
hand, it is desirable to reduce the amount of contamination 
of the water as much as possible, because contaminants 
from the aluminium—particularly the copper—can inter- 
fere with the neutron flux 

Harwell thus had to decide on the grade of purity for the 
material, and they chose 99-8°,. We therefore considered 
that if 99-8°, purity is the correct material for the plate, 
99-8 °. is good for the weld too, and we aimed to match the 


plate as closely as possible. After suitable modifications of 


technique, the amount of cracking was very small indeed, 
and the length of the cracks when they did occur was also 
very small—about in. 

I do not know what the effect of tungsten inclusions in 
high-purity water would be, but I would accept that they 
are a corrosion hazard. They certainly are in nitric acid, 
where a tungsten inclusion could be dissolved out and acid 
could subsequently tunnel into the weld and attack later- 
ally at a greatly increased rate. 

I would accept Mr. van Someren’s statement that the 
acceptance standard could be attained with coated elec- 
trodes; however, | should emphasize that in practice this 
standard was very much surpassed, and considerable 
lengths of welding were obtained with only very small 
defects in them. I would suspect that with coated electrodes 
one could not get quite so far within the permitted limits. 

This raises the general question, which Mr. Burgess and 
Dr. Moore brought out, of the quality of aluminium weld- 
ing. As I have said in this paper, the best aluminium welds 
are not as good as the best steel welds. On the other hand, 
a run-of-the-mill aluminium weld will stand service condi- 
tions as well as a run-of-the-mill steel weld; it will probably 
do very much better, because the aluminium weld is gener- 
ally made under more closely controlled conditions and the 
men who do the welding are more highly trained, whilst 
the equipment used is more specialized and better adapted 
for the job 

The problem is that although the best aluminium weld, 
which admittedly contains defects, may be good enough 
for the requirements, one cannot always convince the 
engineer who has to accept the weld of this. People in the 
iluminium welding business must strive towards the goal 
producing radiographically clear welds, which can be 
presented to any inspection authority without raising any 
doubts. 

Mr. Burgess referred to the Capenhurst piping, and this 
had indeed behaved extraordinarily well. But one must 
remember that it was not radiographed, and if it had been, 
heaven knows what might have happened! 
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Mr. Burgess and other speakers raised the question of 
argon entrapment. I think, as Mr. Smith suggested, this is 
due to ‘incipient tunnelling’. With inert-gas metal-arc 
welding, at a certain value of the current, holes start to 
develop along the weld; if the current is increased or the 
conditions vary, these holes join together, and at yet higher 
currents they come to the surface and produce gross 
irregularities. | think that the cavities referred to in the 
paper were the incipient tunnelling type, and that they had 
their origin in irregular movements of the weld pool, which 
was oxidized and subsequently enfolded argon and 
hydrogen. 

Dr. Moore referred to double-operator welding. There is 
very real danger of centre-line oxide inclusions in this 
method, but when we started developing it for argon-arc 
welding of aluminium at the A.P.V. Co., Ltd., we de- 
veloped a little ‘trick’ which overcame this problem 
entirely. 

In regard to preheat, Dr. Moore implies that if one 
projects the curve in Fig. 8 so that the weld boundary 
comes right up against the flange, the preheat must be 
660°C. But surely this is absolutely correct, because the 
aim in preheating is to raise the temperature at the junction 
between the flange and the }-in. thick body section to the 
level which it would ordinarily reach in a butt weld, i.e., 
the melting point, which is 660°C. 

Dr. Moore suggests that the hot-shortness encountered 
was due to unsound weld design. These were perfectly 
ordinary fillets between }-in. plate and }-in. plate, and 
there was nothing unusual about them. One or two butt 
welds which cracked were undoubtedly of unsound design, 
but these were subsequently modified. 

Mr. Houldcroft has given the answer about the length 
of the weld crack in the fishbone test; you can make it 
what you like. We started by making it rather long, and 
had to continue with this set of conditions; it seems to have 
given sound results, as it happens. 

On the removal of penetrant dye before repair of defects, 
we chipped the weld out completely, and the defects were 
therefore chipped out together with the penetrant dye that 
had soaked into them. 

The new high-current welding at B.W.R.A. will make a 
very big difference to aluminium welding, particularly for 
thick material 

On the question of hammering, it has been found that 
half-hard material has a higher corrosion resistance to 
high-purity water at high temperature than soft or annealed 
material. The aim in this vessel was to influence only the 
surface hardness, and to make this as near half-hard as 
possible. 
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Fundamental Resistance Welding 
Investigations 


FIRST 


INTERIM 
By D. K. Roberts, M.A., J. E. 


REPORT 
Roberts, M.Eng., A.I.M., and 


1. A. Wells, B.Sc. (Eng.), Ph.D. 


SYNOPSIS 

\s a preliminary to systematic study of postheating conditions 
needed to produce ductile spot welds in hardenable steels, 
temperature cycles during spot welding have been examined 
theoretically and experimentally. 

lransient heat flow by conduction from point and line 
sources in infinite media is taken as the theoretical basis and 
rates of heating and cooling are calculated with the assistance 
of a non-dimensional variable. 

\ technique for plac ing and recording from thermocouples 
< lose to spot welds 1s desc ribed, and typical records are com 


pared with calculated temperature cycles. 


Introduction 


GREAT deai of experimental work has been done 
A« resistance welding techniques, but relatively 
little on the basic properties of the process. 
The growing need to apply the process, especially spot 
and projection welding, to hardenable steels and other 
alloys undergoing considerable metallurgical changes 
during welding, caused the B.W.R.A. to initiate work 
to determine the heat distribution and thermal cycles 
obtained, and to apply the knowledge gained to the 
production of suitable welding conditions for the 
special materials. 
This report gives an account of the work done 


during the last two years. The experimental proof of 


the theories put forward is not extensive and these 





Report FR 7/8(a)/57 of the Association issued to members in 
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Mr. Roberts who is now with Colvilles Ltd., was formerly at 
B.W.R.A., Abington, where Mrs. Roberts assisted her hus- 
band in these investigations. Dr. Wells is Assistant Director 
of Research at B.W.R.A. 
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theories are therefore liable to modification in the 
future. It is hoped that this report will encourage 
others to apply the results obtained so far, or to 
comment on the proposals made, and so help to 
provide the extra experimental experience which is 
still necessary. 


GENERAL BASIS OF THEORY 


The heat flow from a localized heat source of 
constant magnitude for a fixed duration has been 
considered for 1-, 2-, and 3-dimensional flow, and 
details of the mathematical work are contained in 
Appendix I. The theory is applied to determine the 
maximum boundaries of any isotherm (e.g. the melting- 
temperature isotherm corresponds with the outer edge 
of the fused nugget of the weld), and allowance has 
been made for the effect of the temperature gradient 
within the isotherm at the instant the heat source is 
removed. This ‘surplus’ energy is distributed later, and 
causes a slight increase in the volume enclosed by the 
isotherms which are of interest in welding. Figure | 
shows typical examples of this effect. 

It is convenient to make use of the non-dimensional 
parameter or characteristic r/+/(4%f,) where 

r= distance of isotherm from source 
x= thermal diffusivity of the material 
fo = heating time 
and k=thermal conductivity 
p= density 
c= specific heat 
in the calculations which follow. Values of material 
constants etc. are given in Table I. 
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Table I 
MATERIAL CONSTANTS 
Density Specific | Melting Thermal | Thermal 
Material pP, | heat,c, | temp., | conducti- | diffusi- 
gicm® |cal/g/°C\| T,°C | vity,k, | vity,, 
| | icalicm®|°C| cm*/s 
Nimonic | 8-35 | O-11 1410 0-051 0-055 
Steels | 786 | 0-16 1500 0:10 | 0-082 
Nickel 8-9 0-109 1440 | 0-14 | 0-129 
70-30 
Brass 8-38 0-09 | 885 | O26 | 0-345 
Al-Cu 
Alloy 2-65 0:22 660 0-49 0-84 
18-8 
Stainless 
Steel 7-92 0-11 1430 0-046 0-053 











MELTING EFFICIENCY 
Theory 

The efficiency of the process has been defined by the 
following relationships 


Heat required just to melt weld nugget 
I fficiency, 7 ——— —— 
Heat supplied 


and M 


and expressions leading to this efficiency in 1-, 2-, and 
3-dimensional flow have been obtained (Equations 6 
of Appendix I). The application of the equations is 
not restricted to melting-temperature boundaries, but 
this is the most convenient for experimental purposes 
because the fused nugget size can easily be determined 
ifter welding. 

Originally, it assumed that the fused zone 
reached its final size at the instant the heat supply 


was 


stopped and this led to theoretical curves, shown 
i ‘ 
A ‘ 
= = 4 Melting temperature 
- >” ’ —_ 
- d -~ 
- -~ 


b 
4 T° 
A 
aa. Melting temperature 
a 7? ’ ° = — 
ss = — : — 
— on 
= d,; — 
> d)-> 
At current cut -off 
Short time after current cut -off 
Long time offer current cut-off 
(a) High heat input rate (high current-short time) 
(b) Low heat input rate (low current-long time) 
Fig. 1—Temperature distribution across a spot weld 
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Fig. 2—Use of heat in resistance welding 


dotted in Fig. 2, having a distinct minimum point 
which indicates a specific value of r/y(4af,) for 
greatest efficiency. However, these curves showed 
considerable discrepancy from experimental obser- 
vations for large values of the parameter. It is now 
shown that for heat flow solutions the temperature 
rise at radius r continues after the end of heat input, 
particularly for high heat-input rates (high charac- 
teristics). Under these conditions, after heat input has 
stopped, a considerable reservoir of available heat still 
exists near the source, and this accounts for the 
subsequent rise of temperature further out. Calculated 
results which take this into account agree much more 
closely with experimental values (solid lines in Fig. 2). 
Thus, the basis of these solutions is sound, and the 
cooling rate solutions may be deduced with confidence 
from them. 

A conduction solution by Goldenberg,’ in which 
heat is uniformly released over a spherical volume, 
may be shown to yield values of M more in accordance 
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Fig. 3—Superposition of heat sources 
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with experiment. Goldenberg’s assumption is closer to 
practice, but the solution was not in a form such that 
cooling rates could be readily estimated from it, and 
much was to be gained by showing that the simpler 
concentrated source solutions could be used for 
resistance welding as successfully as for fusion weld- 
ing. It is interesting to note that an exactly parallel 
instance of fusion lag does actually occur in arc 
welding where, for high heat input rates, the maximum 
fused width occurs some distance behind the source 
of heat. 

The calculation of efficiencies is given in detail in 
Appendix I. The results cannot be presented precisely 
as rational expressions, but the curves may be 
reasonably approximated for a wide range of values 
of the characteristic. These approximate expressions, 





valid to +4°% for S=r/./(4at,) > 0-3, are given here: 
1-dimensional » Stearic or M= 2-06 : oF) 
2-dimensional » =a or M=2:-72 "ts (1) 
3-dimensional » one 04 M=3-24 nS 


It is the inverse curves of the efficiency (M curves) 
which are plotted in Fig. 2 of this report, together with 


experimental values. 


Experiment 

Verification of the above theory was obtained by 
calorimetric methods. A reasonable measure of the 
heat supplied to a spot weld is obtained by removing 
the specimen from the welding machine as rapidly as 
possible after current ceases, and plunging the speci- 
men into a calorimeter. The resultant temperature rise 
is normally slight, and was measured by a Beckman 
thermometer reading to 0:01°C, combined with a 
copper calorimeter | }-in. diameter by 3 in. deep, a 
normal thermometer, and a small mechanical stirrer. 
The water equivalent of the system was estimated by 
transferring brass weights from boiling water to the 
calorimeter. By imitating the experimental technique, 
the measured effect of heat losses during transfer 
would be minimized. 

Single spot welds were made in the centre of 14-in. 
square plates, and the minimum practicable hold time 
was used to reduce the delay between welding and 
placing the specimen in the calorimeter. Normal 
welding conditions of electrode tip sizes, currents, etc., 
were used, with the exception of a few tests to obtain 
extreme values of the r/\/(4x/,) parameter. Care was 
taken to avoid draughts or rapid changes of ambient 
temperature during the experiments, and weld time 
was measured by C.R.O. No measurements of weld 
current or secondary voltage were obtained. The welds 
were later sectioned, and fused zone dimensions 
measured using a projection microscope at low ( x 10) 
magnification. The measured heat content of the speci- 
men and the amount needed to melt the fused 
material, based on just raising it to the melting tem- 
perature, are then compared, and the value of 
r// (4«t,) calculated. These points are plotted in Fig. 2 
and agree reasonably well with the 3-dimensional 
theory. It is worth noting that no account is taken of 
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the latent heat of fusion of the material; for steel this 
is probably negligible, but for light alloys it may have 
a noticeable effect on the heat required to form a fused 
nugget. 


COOLING RATE AND COOL TIME 
Theory 
The detailed calculations are given in Appendix I. 
They are based on the principle of superposition of 
sources; that is, it is assumed that at the end of the 
weld time, a negative heat source is introduced equal 
to the positive source supplying the heat for welding. 
The net input is therefore zero heat, but the two 
temperature distributions are superimposed and the 
overall temperature cycle can be calculated. The effect 
of this method is shown diagrammatically in Fig. 3. 
The rate of cooling at any radius r is then given by 
the relation 
oT 


~ Tn : 4 “ i Say 
ow lo 


———_.m 
vy (42f,) 


where 7}, is the maximum temperature reached by the 
point in question, m7}, is the temperature at which the 
cooling rate is required, and ¢, is the heating time. F is 
a function which can be calculated for each of the 
heat flow patterns (1-, 2-, and 3-dimensional) and is 
plotted against r/+/(4«1,) in Fig. 4 for m= j, 4, and }. 
These curves show clearly the effect of change from 
l-, to 2- or 3-dimensional heat flow on the rate of 
cooling. It may also be shown that cooling rates tend 
to constant values when r/\/(4«f,) is large. This is 
exactly parallel to the state of affairs in the solutions 
for fusion welding. 


It is possible to rationalize the curves for F ( )in 
the following way: 
if 2 —__ 9.3, and m<0-85 
Vv (4x1,) 
3m ] 
1-dimensional: F( = 36 3571 | 
4n} l 
2-dimensional: F( ) 35 IS] ( (3) 
Snf!* l 
3-dimensional: Ff ) —— 
2S 38+ 1) 


These approximate expressions can be integrated 
with respect to time and combined with equation (2) 
to give the cooling times over any required ternpera- 
ture interval. However, it is more convenient to derive 
independent approximate equations for the cooling 
time intervals from the curves given in Figs. 10a, b, 
and c, which are theoretically correct (as explained in 
Appendix I). 

The resulting expressions for cooling times between 
any two temperatures 7, and 7,, at a point where the 
maximum temperature reached was 7}, are as follows 
for T, < T, 0-857): 

1-dimensional: 


te 10..0(Tx\** (Tx\*") ) 
2-35) -(#) | 


7 - T 3/2 a 3/2 
5)" 
Ty 


4, y | 


15 
if ¢,. = time between temperatures 7, and 7, and 
1. = heating time. 


ben 


f 
2-dimensional: - 


Ty 
T, 


ia? 


3-dimensional: 





BRITISH WELDING JOURNAL 




















120 ROBERTS, ROBERTS, AND WELLS: FUNDAMENTAL RESISTANCE WELDING INVESTIGATIONS 








3 -dim ?- Points calculated 
——— 2-dim. from approximate equations (3 ) 
| -dim 





. | ow ae 
0-97 
o-8} 
| 
| 
O-7} | 
\ 
\ 
| | 
O-or \ \ . 
| \ \ e 
| \ \3 4 
> O-5r 3 \3 = ~ 
-\s 
> \ 
O-4} 
: 
O:3+ 
. 
. 
\3 
~ e os 
\3 
O ita = \ 
~ 
a 
oor oO" 





Cooling _ Max temp. F(—7 , m) 
rate Heating time, ¢ v (4af,) 





Fig. 4—-Cooling rates. Function ‘F’ against r/ \ (4«/,) for particular values of mm 


These expressions are in convenient form since, for 
any temperature range, they depend only on r//(4«z,). 
However, they have one serious disadvantage. Al- 
though they can be used to determine approximate 
cooling times over given intervals, they are not accu- 
rate enough for the determination of the time from end 
of welding current to reaching a particular lower 
temperature. For this purpose, the theoretically 
accurate curves of Figs. 10a, b, and c must be used. 


Experimental Technique for Cool-time measurements 

In these experiments, pairs of steel sheets 4 in. x 
2 in. x 2 in. and } in. x 3 in. x 3 in. were used, with a 
central spot weld. The thermocouple wires (0-010-in. 
dia. chromel and alumel) were inserted between the 
sheets before welding from diametrically opposite 
sides of the weld. For this purpose, two grooves were 
milled into each sheet to a depth of approximately 


BRITISH WELDING JOURNAL 


0-008 in., the grooves extending until the distance 
between their inner ends was in. less than the ex- 
pected weld diameter. A saw cut, 0-012 in. wide, was 
then made across the centre of one sheet so as to join 
the ends of the milled grooves. The wires were glass- 
insulated by threading through standard glass tubing 
and drawing this down on to the wire. This insulation 
extended to the end of the milled groove, after which 
the wires were bare, and were pressed into the saw-cut 
so that the ends just met in the centre of the weld area. 

A diagram is given of a typical specimen (Fig. 5). 
The outer ends of the wires were soldered to a con- 
necting socket, from which screened copper leads 
were used to carry the signal to a mirror galvanometer. 
This instrument has a natural frequency of 10 c/s, 
which is sufficiently large for recording the tempera- 
ture cycles and yet is low enough to suppress, to an 
adequate extent, the 50 c/s interference from the 
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Thermocouple wire 


Fig. 5—-Cross-section of groove and wire etc. Arrangement of 
thermocouple wires 


welding current. Most difficulty was caused by splash- 
ing of the molten metal out through the grooves with 
consequent breakage of the wire. It should be remem- 
bered that, during the cycle, the fused metal is under 
considerable hydrostatic pressure and because of this 
trouble, only about 50°, of the temperature records 
taken were satisfactory. In addition, it was never 
possible to record a thermocouple output voltage 
equivalent to the melting temperature of steel. The 
highest recorded value was 1300°C. This is due 
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(a) Ends separated at heat source 


(b) Welded together 
Fig. 6—Thermocouple wires 


primarily to melting back of the thermocouple wires 
and, for further attempts to record thermal cycles 
inside the fused nugget, platinum with platinum— 
rhodium couples will be necessary. 

Further experiments have shown that 50-cycle 
pick-up can be considerably reduced by bringing both 
wires in from the same side of the specimen and en- 
suring that they are joined to the specimen at a com- 
mon point, by fusing the two wires together before 
attachment. This effect is illustrated by the records 
shown in Figs. 6a and 6 respectively. In addition, the 
presence of the grooves at the sheet interface reduced 
the size of the weld compared with that made in un- 
grooved sheets, and consequently it was difficult to 
predict thermal cycles. 


Results of Experiments 
The results of 15 sets of measurements for spot 


Table I 


MEASURED AND THEORETICAL COOL TIMES FOR SPOT WELDS IN STEEL 







































































T 
| | i 
Radius | Equiva- | | Cool times, as ratios of heating time 
Specimen | Elec- Weld | Weld Sheet of | dent « | —— 
No. | trode time, | dia., thick- | equiva- | radial | a Measured | Theoretical 
| tip dia., c | D, in. ness, | lent sph.\ thermo- V4ar | ——___—_—— 
in. | in. fused | couple 3-dimensional | 2-dimensional 
zone | position 
| r,cm r.cm m=) m=4|)m—)|)m—}|m=—)) m=} 
l j 250 0-55 0-29 0-604 0-672 0-525 | 0°80 0-49 | 0-99 | 1-10 | 2-62 
2 ; 210 0-53 0-30 0-599 0-623 0-575 1-16 0-59 | 1:19 | 1-32 | 3-15 
14 s.w.g 3 ; 165 0:34 0-20 0-390 0-425 0-408 1-02 0-30 | 0-60 | 0-66 | 1-58 
4 3 85 0-22 0-30 0-338 0-379 0-509 | 0:36 | 1-41 | 0-47 | 0-93 | 1-03 | 2-46 
5 } 75 0-33 0-29 0-432 0-475 0-687 1-06 0-85 | 1-70 | 1-89 | 4-50 
6 } 60 0-24 0-06 0-208 0-238 0-380 | 0-37 | 1-6 0-26 | 0-52 | 0-58 | 1-38 
7 i 35 0-30 0-048 0-220 0-281 0-586 | 0-50 | 1°01 | 0-62 | 1:24] 1-48 | 3-26 
8 i 35 0-34 0-051 0-248 0-278 0-584 | 0-42 | 0-92 | 0-61 | 1-22 | 1-46 | 3-44 
7) } 18 0-21 0-062 0-193 0-230 0-669 | 0-86 | 3-05 | O-81 | 1-61 | 1-79 | 4:25 
16 s.w.g. 10 } 15 0-173 0-064 0-170 0-191 0-606 | 0-60 | 2-13 | 0-66 | 1-32 | 1°47 | 3-50 
11 b 13-5 0-186 0-066 0-180 0-203 0-685 | 0-86 | 2:34 | 0-84] 1:70 | 1-88 | 4-46 
12 ‘ 13-5 0-159 0-069 0-165 0-179 0-602 | 0-78 | 1-85 | 0-65 | 1:30 | 1-45 | 3-45 
13 te 13-5 0-160 0-064 0-161 0-185 0-623 | 0-86 | 2:34 | 0-70 | 1-40 | 1-56 | 3-70 
14 } 10 0-192 0-066 0-185 0-207 0-805 | 0-70 | 2-45 | 1-18 | 2:34 | 2-60 | 6-40 
15 } 10 0-183 0-067 0-178 0-195 0-765 | 0-90 | 2-65 | 1-05 | 2:10 | 2-24 | 5-58 
* x 0-082 cm’*/s for steel, ¢ in seconds 
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welds on pairs of low-carbon steel plates 4-in. and 
fy-in. thick are given in Table II, together with 
calculations of the cooling times to 4 and } 7y. In 
these tests, truncated-cone electrodes of 140° included 
angle were used on the }-in. steel and of 120° included 
angle on the 16 s.w.g. material. The tip diameter was 
varied according to the size of weld required to give 
the necessary variation in the values of r/(4«1,). The 


parting of the electrodes was automatic; in the case of 


}-in. material about 50 cycles (1 s), and on 16 s.w.g. 
material about 17 cycles, after current was cut off. 

The welds were sectioned and etched so that the 
fused-zone dimensions could be measured. The 
equivalent spherical fused radius was then calculated, 
and hence r/ \/(4«1,) (a =0-082 cm*/s for steel). Due to 
melting back of the wires and breakdown of the glass 
insulation, the temperature measurements were all 
made at a point outside the fused zone, but by taking 
the ratio of melting temperature (taken as 1500°) to 
measured maximum temperature, in conjunction with 
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equation (5) (3-dimensional) of Appendix I, an equiva- 
lent radius for the point of measurement was obtained, 
and the new value of r/\/(4«/,) calculated. 

Experimentally-determined cooling curves for ex- 
treme conditions of r/\/(4«f,) with each thickness of 
plate are shown in Figs. 7a, 6, c, and d, together with 
the calculated curves for 2- and 3-dimensional heat 
flow, as determined from Figs. 10a, b, and c. All the 
results are also plotted in Figs. 8a and 4, with 1,/t, 
against r/y/(4a/,), using the temperature range 7), to 
Te with T,/Ty=4 and }. 

In all cases, the initial cooling approximates to the 
calculated 3-dimensional heat-flow curves, but as the 
temperature falls, the measured values tend towards 
the theoretical 2-dimensional heat-flow curves, the 
change occurring relatively earlier, and therefore at a 
higher temperature, in the case of the welds in }-in. 
thick material. This is probably explained by the fact 
that the electrodes parted automatically about 50 
cycles after the end of the heating period when this 
material was welded, whereas they remained in contact 
with the weld until temperature was considerably 
lower in the case of the 16 s.w.g. material, the hold 
time of 17 cycles being more comparable with the 
heating times on the thin material. The same effect 
is noticeable in Figs. 8a and 6, where the measured 
times for the 16 s.w.g. material are distributed round 
the 3-dimensional curve. Those for the }-in. sheet are 
more widely scattered, and some are much nearer to 
the 2-dimensional case—noticeably specimens |, 2, 
and 3 which were welded using long heating times so 
that the hold time was relatively short. Specimens 4 
and 5, welded with shorter heating times, and therefore 
with a hold-time comparable to the weld time, are 
nearer to the 3-dimensional curve. 

On the whole, the correlation between experiment 
and theory is most encouraging, bearing in mind the 
extreme difficulty of the experimental technique, and 
the generalizations which are necessary with the 
theory. However, the need still exists for more experi- 
mental confirmation both on steel and with other 
materials such as aluminium, with different thermal 
properties. 

TEMPERING CYCLES AFTER WELDING 

The theory can be applied further to obtain the heat 
input rate necessary to raise the weld temperature 
from the quenching to the required tempering tem- 
perature. The possible complete sequence can also 
include a grain refining treatment and second quench, 
and such a cycle with the necessary symbols is shown 
in Fig. 9. There are two principles on which the 
calculations for heat conduction are based. 

(i) Ambient temperature is taken to be the zero level 

(ii) Temperature levels at a point arising from any combina- 

tion of heat pulses may be estimated by directly super- 
imposing the components arising at the requisite time from 
all the preceding pulses. 

The suggested sequence of operations to determine a 
particular welding condition is given below. Three- 
dimensional heat flow is considered throughout in 
combination with temperatures at the edge of the fused 
zone of radius r,,, but similar methods may be deduced 
for the 2- or 1-dimensional flow and for other radii, 
from the data above and in Appendix I. 
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Fig. 8--Comparison of measured and calculated cool times for spot welds in steel 


(1) Decide the size of weld required. 
(2) Fix the weld time 7,. Hence r,,/\/(4«f,) may be 
determined and the requisite heat input rate by 


reference to Fig. 2 since: 
Vol. of spot « pc7,,M 
t 





q\ 


where 7,, is the melting temperature and M is the 
factor which allows for loss of heat through conduc- 
tion during welding. 


(3) Determine from Fig. 10a the cool time ¢, after 
removing the source for the appropriate value of 
m=T/Ty, and rm/+/(4«t,). 

(4) Determine the temperature component arising 
from the welding pulse at time (f,+ ,) after it is 
removed, where f, is to be the heating time for the next 
pulse. In this case a new value of (f,-+1f,)/f, is applied 
to Fig. 10a in order to determine a corresponding 
value of m. 

(5) Treating the temperature component from (4) 
as a new base level and 7,,. as the new maximum level, 
determine g, in the same manner as (2). 

(6) If Ty. is to be maintained constant for any 
length of time, g,; may be approximately calculated 
from the steady-state condition. 

q3=4ek r,, Tie 


This result follows immediately from equation 5, 
Appendix I if ¢ is infinite. 

As this is only approximate, the effects of previous 
pulses may be neglected. Otherwise, they must still 
be taken into account in a precise and extended 
calculation as at (2), (3), and (4) above. 

The above sequence will yield a series of times (7), 
which can be set by the machine control unit, and also 
a series of energy values (g). The conversion of these 
energies into weld and temper currents presents some 
difficulty, However, if it is assumed that the general 
relationship is of the form 


q=a. RP 
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where R=resistance, /=current, and a is some con- 
stant function, reasonable approximations can be 
made. 

The starting point is the current required to make a 
weld of the required size using the selected weld time. 
This is determined from the codes of practice, or by 
experiment coupled with a rapid examination of a 
weld section. 

Then, applying the above relationship, 








q aR,l,;? 
qe aR, |," 
or 
Ride 
Is LN Req, 


The actual values of resistance encountered are 
unknown, and will change as temperature changes, but 
if the specific resistances at the maximum temperatures 
reached are used, the derived currents are similar to 
those used in practice, but somewhat lower. Provided 
this is realized, they give a good starting point, and the 
experimental work needed to find the exact values is 
considerably reduced. 
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APPENDIX I 
The Calculation of Heat Flow in Resistance Welding 


The temperature 7 at any distance r from a local source 
of heat q cal/s, suddenly applied at time r=0, is given by 
the following expressions for 3-, 2-, and 1-dimensional heat 
conduction.? 3-dimensional flow is represented by spherical 
(point source) and 2-dimensional by cylindrical symmetry 
(line source with no heat losses across the plane faces). 
Unit plate thickness and bar cross-sectional area respective- 
ly are considered in the 2- and 1-dimensional cases: 
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Thus 7 is non-dimensional time in terms of the heating 
time fg and @ is non-dimensional temperature, in terms of 
that uniform value which would be reached within the 
boundary r if gfg were to be released with no conduction 
loss across the boundary. Then the solutions for tempera- 
ture at distance r, at any positive time /, for heat release at 
rate g between times 0 and fg may be written as follows: 














4s* : s : ) 
3-dimensions: @= ——<erfe --—erfe == 
3 vr Vr—l 
. 5? 52 
2-dimensions: @ s*( Ei — —Ei | >: (6) 
a r—l 
ee ae —. . Ss 
l-dimension: @ 4s | Vrierfeé =—Vr—1 terfc } 
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In these solutions if a term is associated with a negative 
value of r— I it is rejected. 

For any value of s the variation of @ with t may now be 
determined. By tabulation of numerical values in equations 
(6) it is observed that maximum values @,, occur at values 
of r> 1. Maximum temperatures reached at the boundary 
r are so determined and @,,~'= M has been plotted against 
s—r/\/(4af,) in Fig. 2. The dotted curves in Fig. 2 repre- 
sent values of 6! at r=1, and show that the rise in tem- 
perature occurring after switching off the source (r= 1) 
may not be neglected for larger values of s. 

In Figs. 10a, b, and c, it has been found convenient to 
plot /@;,—m, rather than @, against 7, and the approxi- 
mations of equations (4) are also represented for com- 
parison. These curves allow the quick determination of 
temperature changes during the cooling interval in terms 
of the maximum temperature reached at the point in ques- 
tion. Such presentation is of greatest interest where possible 
changes of metallurgical structure are concerned. 

Equations (6) are readily differentiable with respect to 7 
for the determination of cooling rates at any value of rT. 
Additionally, a helpful result is obtained if two modifi- 
cations are made to this procedure. In the first instance, 
cooling rates for metallurgical deductions are required to 
be linked with temperatures rather than times. Secondly, 
the most rapid determination of absolute values arises in 
terms of the reference heating rate to maximum tempera- 
ture Ty, in time fo. These results are achieved by tabulation 
of values d@/@ydr and 6/@y, each against 7 for various 

‘if q de? Ty dé 
dt pceV dr to Oydr 
cooling rates are plotted against s for several values of 
4/84 =m, and results obtained with the approximations of 
equations (3) are appended. 


values of s, since . In Fig. 4 such 


APPENDIX II 
Example of Calculated Welding Cycle 


It is assumed that a spot weld in 16 s.w.g. 0°-4°% carbon 
steel is required, using electrodes of }-in. tip diameter. The 
expected fused nugget dimensions are given in Fig. 11. 

A weld time of 20 cycles with welding current 8-0 kA is 
to be used. The quenching temperature required is 250°C, 
with subsequent tempering at 725°C. This temperature 
should be reached in 15 cycles and maintained for a further 
85 cycles, or alternatively, the temperature should just 
reach 725°C at the end of 100 cycles. The melting tempera- 
ture of the steel is taken as 1450°C, and values of material 
constants as given in Table I. 

The following sequence of calculation is that given in 
the bedy of the report. 

(1) The volume of the fused nugget was calculated, treat- 
ing it as symmetrical about the centre line and each half a 
frustum of a cone. The equivalent spherical fused radius to 
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Fig. 11—Spot weld dimensions 
give this volume of 0-089 cm* was found to be r,, =0:277 
cm. 

(2) The weld time ‘g=20 cycles, as above; therefore 
r'm/\/ (4ato) 0°76 (tf, in seconds). From Fig. 2 M=4-0. 


Total heat= Vol. of spot x pcT,M 


0-089 « 7-86 x 0-16 x 1450 «4 
652 cal 
652 

n=9-4 1630 cal/s. 


(3) For the cool time 4, =tq+hp, since m= 250/1450 
0-172 and rm/./(4afo)=0-76, from Fig. 10a, 1,/f = 3-2. 
This gives a time of 64 cycles to cool to the quench tem- 
perature of 250°C. At the end of the postheat period 15 
cycles later this component of temperature will have 
dropped still further to a value representing the base level 
for the postheat cycle. Thus the new value /,/f, becomes 
644-15 

20 
giving a temperature 1450 « 0-13 





4. From Fig. 10a, the new value of m is 0-13 


188°C instead of 250°C. 
(4) Since f, is given as 15 cycles, g, may be determined in 
the same manner as g, bearing in mind that use of Fig. 2 
is not confined to the melting temperature. Then the 
required temperature rise is 725—-188=537°C. The new 
value of r»/v(4af,) is 0-88, and of M from Fig. 2 is 3-7. 


Total heat = 0-089 = 7-86 x 0-16 x 537 x 3-7 =222 cal 
99? 
oe 7 ~< 
q2 03 46 cal/s. 


(5) If now the temperature 725°C is held constant, as 
shown in Fig. 9 a steady state equivalent of equation (5) 
whereby ¢ is infinite and erfc r/1/(4ar)=1, may be used to 
determine qs. 

Then g3=47krmT ye and this gives g3= 252 cal/s. Alter- 
natively, superimposed transient temperatures could be 
calculated in the manner above but in this case would yield 
a similar answer. The transformation of the above energies 
into currents assumes a relationship of the form g=a. RI”. 
The original current /,, is given as 8-0 kA. As an approxi- 
mation the specific resistances at 1450°C and 725°C are 
used, so that R,= 125 and R,= 100. Therefore, 

——— X == = 61 kA 


Koni [Rid } 
os Req, 100 = 1630 


senilarty I 804 tee x ae 
Similarly 3 Too ~ 1630 


For an alternative form of postheat, a current /, was 
used for a time f,= 100 cycles, and then the body was 
allowed to cool straight away to 250°C. For this thermal 
cycle, q, and /, are the same as above, and the equation in 
section (4) to determine g, remains the same, but there is a 
new value for f, and a new base temperature of 90°C as a 
result of cooling from the welding pulse (equation (4) may 
be used to calculate this since Fig. 10a does not extend far 
enough). 


T3< JAAR 
ORG Pe 
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Then r,,/ V 4af, 0-342 and, from Fig. 2, M= 10-1 
Total heat = 0-089 « 7-86 x 0-16 « 635 « 10-1 =710 cal 
71 
qa LU 355 cal/s 
If, as before, the resistances are assumed to vary, then 


25 355 
1,=8-0 Ie 


——— ay 
100 ~ 1630 Ca. 


The two alternative welding sequences are therefore as 
follows: 


Welding current 8-O0kA 8-OkA 
Weld time 20 cycles 20 cycles 
Cool time 64 cycles 64 cycles 
Postheat current (a) 6°1kA 42kA 
Postheat time (a) 15 cycles 100 cycles 
Postheat current (b) 3-5kA 

Postheat time (5) 85 cycles 





Measurements on the Diftusible, Residual, 


and Total H ydrogen Contents of Weld Metal 


By P. dD. Blake, M.A. 


SYNOPSIS 


Tis paper describes work on mild-steel weld metal in which the diffusible hydrogen content at 


20°C, and the residual and total hydrogen contents under vacuum at 650°C, have been measured. 
The experimental conditions enable comparisons to be made between the total [diffusible + 


residual] hydrogen and the total hydrogen obtained by vacuum heating in a single extraction. Some 


measurements on the relative amounts of hydrogen found in single run as compared with multi-run 


deposits are reported. Data showing the rate of evolution of hydrogen at 20°C from multi-run 


deposits are presented. Some of the difficulties involved in measuring the hydrogen contents of 


metal have been investigated. 


Introduction 
HE object of the work described in this paper was 
not merely to measure hydrogen contents, but to 
clarify a number of uncertainties involved in the 
measurement of the hydrogen content of weld de- 
posits. A major difficulty has been to obtain a satis- 
factory basis of comparison between the two principal 
vethods of measuring hydrogen content. These are 
|) the measurement of the total hydrogen content of 
he undiluted weld metalin a single operation, by 
vacuum extraction at 650°C, and (2) the measurement 
f the diffusible hyarogen content of the weld metal 
plus fused zone at some temperature near room tem- 
perature by evolution under mercury, followed by 
vacuum extraction of the residual hydrogen content 
at 650°C. By using the methods described by the 
author in a previous paper! it has been possible to 
assess the measure of agreement between the two 
methods, on the basis of all-weld-metal specimens for 
method | as compared with weld metal plus fused- 
zone metal for method 2. The amount of hydrogen 
lost in transferring the samples to the apparatus has 
also been a matter for controversy, and an attempt has 

been made to estimate this loss. 

Another uncertainty has been the relation between 
the amount of hydrogen obtained in single run when 
compared with multi-run deposits, and this has been 
investigated on deposits from two classes of electrodes. 

Finally, the exact period required for the completion 
of the evolution of hydrogen from weld metal samples 
has not hitherto been sufficiently thoroughly investi- 
gated, and results are presented in graphical and 
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tabular form to show the rates of evolution of hydro- 
gen from weld metal samples at 20°C. 


EXPERIMENTAL METHOD 

The weld samples were obtained and the hydrogen 
contents were measured exactly as described in a 
previous paper by the author.’ 

Briefly, the weld runs are deposited on plate held in 
a standard jig, to ensure reproducible welding condi- 
tions, and are quenched in water immediately after 
completion. For method |, the vacuum extraction at 
650°C, all-weld-metal specimens are machined from 
the test pieces, which are cooled by means of liquid 
carbon dioxide to minimize the loss of hydrogen; the 
vacuum extraction is then carried out, the specimens 
being introduced into the apparatus' through a 
vacuum air lock. For the determination of diffusible 
and residual hydrogen (method 2), the weld sample is 
transferred after quenching to a gas burette. When a 
constant reading has been obtained for the gas evolved 
at room temperature, the specimen is transferred to 
the vacuum heating apparatus, and the residual 
hydrogen is then determined at 650°C. 


Limits of Accuracy 

The accuracy of the apparatus is considerably 
greater than the inherent variation between weld 
samples, the latter being +0-2-0-4 ml/100 g for 
hydrogen concentrations of 2-20 ml/100 g. For the 
vacuum heating apparatus, a |-ml gas sample intro- 
duced into the high-vacuum side can be measured to 
+0-01 ml at N.T.P.; this is the average amount of gas 
obtained from a metal sample. For the diffusible 
hydrogen apparatus, the volume can be read to 
+0-025 ml, the total gas volume being between | and 
8 ml at N.T.P. 
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Table I 
HYDROGEN CONTENTS OF WELD METAL 
Electrode Hydrogen Contents, ml/100 g 
Code Type Size, Drying Dif- | Residual\| Dif- | Diffusible Total Mean Percentage 
No. s.w.g.| treatment just | fusible Hp fusible | as ° of | by Single | Differ- Mean Difference 
(BS. prior to Hy t Total Vacuum ence \(Hpp—Hy)100 
1719) welding Resi- | ;99 4y,, | Extraction |Hpr — Hy ee hem oe OF 
dual | ———” | at 650°C Hor 
Hor Hor Hy 
I 2 3 4 5 6 7 8 9 10 ll 
E116P| Cellulosic 8 undried 19-9 3-8 23-7 84 16°8, 16-0 +73 + 30-8 
E1 XX! Cellulosic & undried 24-4 3:8 28-2 86°5 27:7, 27-5 +0-6 +21 
E1L1LOP| Cellulosic & 45 min at 60°C 16:9 
E219} | Rutile 8 45 min at 150°C 14-5 3-9 18-4 78-8 19-0, 19-8 1-0 5-4 
E219} | Rutile 8 undried 18-0 3-1 21:1 85-1 . 
E219 | Rutile x 45 min at 150°C 22:2 1-9 24:1 92:1 21°1 3-0 +- 12-5 
E319 | Rutile 8 45 min at 150°C 14-3 1-0 15-3 93-5 14:5, 14-8 0-6 41 
E439 | Oxide-silicate x 45 min at 150°C 12-4 3-0 15-4 80-5 13-5 1-9 + 12-3 
E449 | Oxide-silicate 8 45 min at 150°C 10-1, 11-8 
E529 | Iron oxide 8 45 min at 150°C 4-6 2:7 7-3 63-0 8-6, 8-7 1-35 18-5 
E619) | Lime fluoride 6 60 min at 400°C 2:2 0-5 2:7 81-5 
E619} 6 As received in 
sealed tins 2:5 0-4 2-9 86-2 

E619 | Lime fluoride 8 45 min at 150°C 4:8 1-0 5:8 82-7 48, 5-0 + 0-9 15-5 
E619) | Lime fluoride 8 As received in 

> sealed tins 3-0 0-4 3-4 88-2 3-5 0-1 2-9 
E619) | Lime fluoride 8 60 min at 400°C 2-4 0-4 2:8 85:7 2-6 +02 +7] 
E619 | Lime fluoride & 45 min at 150°C 3-7 0-55 4-25 87-1 4-4 0-15 35 
E619 | Lime fluoride & As received 3-4 1-1 4:5 75°6 3-6, 3:8 +-0-8 17-8 



































Diffusible hydrogen H, is in terms of the weight of the fused zone of the weld : 
The residual hydrogen H, sample is machined from the fused zone only and the results are in terms of the fused zone material 


The total hydrogen is from an all-weld-metal sample 


RESULTS 

Table I shows the hydrogen contents for weld 
deposits laid down by the six classes of mild steel 
electrodes to BS.1719: 1951. The diffusible (Hp), 
residual (Hp), and total (Hy) hydrogen contents (the 
latter by vacuum heating in a single operation), have 
been measured separately, and this enables a com- 
parison to be made between: 


(a) The total [diffusible plus residual] hydrogen content 
(Hp p) and the total H,y(columns 7 and 9) 


(b) The diffusible (7p) and the total (Hp) (columns 5 and 7). 


Column 8 shows that in most cases the diffusible 
hydrogen content lies between 75°, and 92° of the 
total, which is somewhat at variance with the much 
lower percentages obtained by Sloman, Rooney, and 
Schofield.2 The Class 5 electrode, which produces a 
relatively porous deposit, would be expected to yield a 
lower percentage of diffusible hydrogen (63°,) if this 
quantity is inversely related to the porosity, as sug- 
gested in an earlier paper.* The results suggest that, 
although the diffusible hydrogen is about 84°, +9°%, 
of the total hydrogen, this value is only a very rough 
guide to the total hydrogen in the deposit and the 
actual amount of it is rather variable. 

Column 10 of Table I shows the difference between 
the values obtained for the total [diffusible plus 
residual] and the total hydrogen obtained by vacuum 
heating only; in many cases these differences are 
slight, but column 1|1 shows that the mean percentage 
difference D, which for 75°, of the welds is positive, is 
approximately + 13°, in the cases where D is positive, 


MARCH, 1958 


and —8°, in the cases where D is negative. This is 
considered to be a reasonable correlation, in view of 
the fugitive nature of hydrogen and the fact that it is 
not possible to use the same weld sample for the two 
tests. 

A number of factors involved in the accurate 
measurement of hydrogen content have been investi- 
gated. Figure | shows that, at 20°C, the time required 
for completion of evolution of diffusible hydrogen lies 
between 8 and 20 days. Figure 2 gives curves showing 
the evolution of diffusible hydrogen during the first 
hour, and Table II shows the initial rates of evolution 
for some electrode deposits. The curves in Fig. 2 have 
been extrapolated back to zero time, to give approxi- 
mate figures for the amount of hydrogen evolved in 
the first minute and the first three minutes: these 
values are shown in Table II, together with the mean 
rates of evolution for the first and second hours. The 
figure obtained for the initial rate of evolution in the 
first minute is of some interest, because it is thought 
to give the nearest approximation to the amount of 
gas evolved between quenching the weld sample and 
placing it under mercury in a gas burette for collection 
of the diffusible hydrogen content (the transfer of the 
sample takes 30-40 s). Table II shows that the amount 
of gas lost by this method (method 2) lies between 0-01 
and 0-12 ml per 100 g, which is within the experi- 
mental error due to other causes. 

The third column in Table I shows the total amount 
of gas lost in the first three minutes after quenching 
the weld in water, and this figure is used as a rough 
approximation to the amount of gas lost in the 
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Fig. !1—Evolution of hydrogen from mild-steel weld deposits (at 20°C) 


vacuum heating method (method |) during the two to — electrodes of Classes | to 4, this means that there 
three minutes that the sample is in the air lock of the occurs a total loss of between 0-25 and 0-5 ml of 
ipparatus.! hydrogen, 100 g of weld metal prior to the sample 
If this admittedly approximate basis is adopted, reaching the platform of the vacuum heating appara- 
Table Il shows that the amount of gas lost during the tus. For low-hydrogen electrodes, the corresponding 
vacuation of the air lock probably lies between 0-18 _ figure is much lower, being between 0-03 and 0-12 ml 
ind 0-34 ml of hydrogen per 100 g of weld metal for of hydrogen per 100 g of weld. It is thought that the 
veld deposits from electrodes of BS.1719 Classes | order of magnitude of these figures is correct, in spite 
» 4; the corresponding figure for low-hydrogen of the difficulties encountered in assessing these 
lectrodes is about 0-02 to 0-08 ml per 100 g of weld.* hydrogen losses. 
lo these figures must be added the amount of hydro- The loss of hydrogen which occurs between com- 
n lost in cooling the weld from the water quenching pletion of welding and quenching in water has not 
emperature to that of ‘freezing acetone’ (—78°C); been investigated, owing to the difficulties involved 
this cannot be estimated exactly, but it is thought that Table III gives some figures for the relative amounts 
should not exceed the gas lost in the first minute of diffusible, residual, and total hydrogen found in 
ym water quenching and therefore lies between 0-01 single run as compared with multi-run deposits (5 
0-12 ml of hydrogen per 100 g of weld. For runs) of Class | and Class 6 electrodes. The ratio of 
the amount of diffusible hydrogen in single-run 
ss deposits to that in multi-run deposits was found to be 
The extraction figures in Table | have not been corrected i ES ' Z ; we ag te é 
he amount of gas lost in the air lock, so that a direct between 0 85 and 6, cellulosic electrodes having 





yarison between the two methods can be made greater contents in the multi-run deposits. The ratio 
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Fig. 2—Initial evolution of hydrogen from weld samples (at 20°C) 
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Table Il 


INITIAL RATES OF HYDROGEN EVOLUTION FROM 
MULTI-RUN DEPOSITS 
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Table III 
HYDROGEN CONTENTS OF SINGLE-RUN AND 

















| 
Electrode | Approx | Gas Average Rates, 
Code No rate in Evolved ml) 100 g/min 
(BS.1719) first min, in first —_—— — 
ml/100 g/min| 3 min, Ist hour | 2nd hour 
ml! 100 2 
E116P 0-06 | 0-18 0-051 0-031 
E219 | 0-12 | 0-34 | 0-073 0-035 
E219 | O19 | 029 | 0-040 0-021 
E319 =| 0-06 | 0-22 0-045 0-023 
£439 0-06 | 0-18 0-037 0-019 
E529 0-01 0-02 0-030 0-002 
F6l9 0-04 | 0-08 0-014 0-007 
} 
i 





MULTI-RUN WELD DEPOSITS 























Hydrogen Contents, 
Electrode ml! 100 2 
Code Thick- | Single-Run Multi-Run Hops | Hrs 
No. ness, Deposits Deposits Hom | Aru 
(BS s.W.2. -——— 
1719) Diff. | Resid.| Diff. | Resid. 
Hys | Hrs | Hom | Haw 
El-- 8 |209 | 3-8 [24-4 | 38 | 0-85] 1-0 
E6 - 8 46 | 13 3-5 1-2 1:3 1-1 
E619 8 16 | 165] 10 | O8 | 1-6 | 2-41 
E6 - - & 5-1 0-4 3-7 0-5 1-4 0-8 











of the amount of residual hydrogen in a single-run 
deposit to that in a multi-run deposit was approxi- 
mately unity for three of the deposits, and two for one 
of the Class 6 deposits. The results suggest that this is 
a haphazard relationship, but that for Class 6 elec- 
trodes the amount of the diffusible hydrogen in single- 
run deposits is about one and a half times that in 


multi-run deposits. However, this may not be true of 


Class 2 and Class 3 rutile electrode deposits and for 
cellulosic electrode (Class 1) deposits, the relation was 
reversed. 


SUMMARY AND CONCLUSIONS 


The actual amount of diffusible hydrogen in weld 
metal is variable, but is generally between 75°, and 
94°. of the total hydrogen content. 

Hydrogen contents measured in a single extraction 
by the vacuum heating method are comparable with 
those measured in two steps, as diffusible and residual 
hydrogen, if (a) the latter figures are related to the 
weight of fused zone+weld metal, and (4) the room 
temperature extraction is performed under mercury. 
The extraction period at 20°C for diffusible hydrogen 
collection is between 7 and 20 days, depending on the 
type of weld metal. 


Figures based on the intial rate of evolution of 


hydrogen shortly after water quenching of a sample 
suggest that: 


(1) In measuring diffusible hydrogen, the loss of 


gas during the period between quenching and transfer 


of the sample to the apparatus is below 0-12 ml/100 g 
of weld metal. 

(2) In measuring total hydrogen by vacuum heating, 
the loss of gas during the period between quenching 
and transfer of the sample into the furnace zone of the 
apparatus used by the author lies between 0-25 and 
0-50 ml/100 g of weld metal for electrodes of Classes | 
to 4, and between 0-03 and 0-12 ml/100 g of weld 
metal for low-hydrogen electrodes. 

It has not yet been found possible to estimate the 
hydrogen lost in the period (about 2-3 s) between 
completion of welding and water quenching. 

It has been found that there is roughly one and a 
half times the amount of hydrogen in single-run basic 
electrode deposits compared with multi-run deposits, 
but whether this applies to rutile electrodes has not 
yet been investigated. 
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The Design of Reinforced Elliptical Holes in 


Pressure Vessels 


By Ray mond Hicks, Ph.D., M.Sc. 


SYNOPSIS 


luis paper considers the design of a reinforced elliptical hole 
a plate under the action of a principal stress system of the 
type found in cylindrical and ellipsoidal pressure vessels; that 
tress systems in which the ratio of the principal stresses is 

ot greater than two to one. It is shown that when the ratio of 
major and minor axes of the ellipse can be chosen arbi 
trarily, practical reinforcements can be designed to give a 
iximum stress around the hole which is only slightly greater 


the maximum stress in a similarly loaded plate with no 


rmulae are given for the stress distribution in the 
1 the hole, for the stress acting on a normal cross 
he reinforcement, and tor the cross sectional area 
rcement which gives a small stress concentration. 
ised to hind the variation in the stress concentration 
einforced hole when the applied principal stresses 
e ratio two to one, and Poisson’s ratio for the plate 


forcement has practical values. 


Introduction 


HE presence of a circular or elliptical hole in a 
flat plate loaded in its own plane results in a 
stress concentration. If the hole is small compared 
vith the lateral dimensions of the plate, its effect on 
the stress distribution will be local, whereas a large 
hole may appreciable alter the stress distribution in 
the whole plate. The effect of suitably reinforcing the 
hole is to decrease this stress concentration, so that, 
when the stress in the plate is nowhere to exceed a 
given value, the presence of the reinforcement results 
except in the case of large holes in a decrease in the 
necessary weight of the structure. It follows that for 
cost considerations the design of a reinforcement is 
an important problem. For steel structures, as used 
for reactor pressure vessels and heat-exchangers, 
carefully designed reinforcements eliminate plastic 
zones and therefore reduce the risk of brittle fracture 
and fatigue failure. 
The solution for an unreinforced elliptical hole in 
an infinite plate under the action of applied principal 
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stresses has been obtained by Inglts.' He found that, 
when these stresses are equal, the maximum stress 
occurs around the hole at the end of the major axis 
and is given by 2fa/b, where a and + are the semi- 
major and semi-minor axes of the ellipse, respectively, 
and / is the applied stress. Also, for a plate uniformly 
pulled in one direction, the maximum stress is 
f(1 +2a/b) when the minor axis of the ellipse is parallel 
to the direction of the applied stress, and /(1 + 26/a) 
when the major axis of the ellipse is parallel to the 
direction of the applied stress. 

Mansfield? considered a reinforced elliptical hole in 
a plate under the action of applied principal stresses, and 
derived expressions for the ratio of the major and 
minor axes of the ellipse and for the cross-sectional 
area of the reinforcement which makes the hole 
neutral. (Reinforced holes which do not affect the 
stress distribution in a plate are said to be neutral.) He 
found that the required reinforcement had a variable 
cross-sectional area, with maximum and minimum 
values at the ends of the major and minor axes respec- 
tively. Also, the ratio of the major and minor axes of 
the ellipse is \/(/,//.), where /, and f, are the major 
and minor principal stresses, respectively. 

For given principal stresses, the difference between 
the maximum and minimum cross-sectional areas of 
the reinforcement depends on Poisson’s ratio for the 
material, and for many practical purposes it is suffi- 
ciently large to be prohibitive. For example, when the 
applied stresses are in the ratio of two to one, the ratio 
of the maximum and minimum cross-sectional areas 
of the reinforcement is 2-47 when Poisson’s ratio is 
0-25, and increases to infinity as Poisson’s ratio is 
increased to 0-5. 

From the design point of view, a practical reinforce- 
ment would have a constant cross-sectional area 
which could be chosen so that the stress concentration 
around the hole would be as low as possible. Thus, if 
the shape of the hole is of secondary importance, it is 
reasonable to suppose that practical reinforcements 
corresponding to small stress concentrations may be 
designed by making the hole as near neutral as 
possible, consistent with the condition that the cross- 
sectional area of the reinforcement is constant. 

In this paper, it is shown that, when the reinforce- 
ment has a negligible bending stiffness in the plane of 
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the plate, and when there is a choice for the ratio of 


the major and minor axis of the ellipse, practical 
reinforcements can be designed so that the maximum 
stress around the hole is only slightly greater than the 
maximum stress in a similarly loaded unperforated 
plate, whilst the variation in the necessary cross- 
sectional area of the reinforcement is sufficiently small 
to be neglected. For example, when Poisson’s ratio is 
0-25 and the applied stresses are in the ratio of two to 
one, the maximum stress around the hole is 4:°5% 
greater than the maximum stress in a similarly loaded 
unperforated plate, the variation in the necessary 
cross-sectional area of the reinforcement is approxi- 
mately 5°, and the ratio of the major and minor axis 
of the ellipse slightly less than 1-6. 

It should be noted that the results given here are for 
a reinforced hole in an infinite flat plate under the 
action of stresses applied in its own plane. However, it 
can be shown that the stress concentration around the 
hole decreases rapidly along normal lines away from 
the boundary of the hole. This implies that the solu- 
tion can be applied to a finite plate, provided that the 
least lateral dimension of the plate is several times 
greater than the major axis of the elliptical hole. Also 
it is reasonable to assume that the solution is sub- 
stantially correct for a reinforced hole in a curved 
pressure vessel plate, provided the ratio of the radius 
of curvature of the plate to the width of the hole is 
reasonably large. The application of the solution to 
this case is equivalent to the assumption that the 
bending stresses induced in the plate around the hole 
have a negligible effect on the distribution of the 
membrane stresses. 


METHOD OF SOLUTION 


This paper summarizes the formulae necessary for 
tie design of a reinforced elliptical hole in a stressed 
plate. As a matter of interest, the method of obtaining 
the formulae is explained below. Also, it should be 
noted that a complete analysis of the problem is given 
in reference (3). 


Let the principal stresses acting on the boundary of 


the plate in the x and y directions be nf and /, respec- 
tively. This system of loading, which is shown in 
Fig. la and called state 1, can be resolved with the 
aid of a parameter w into the stress systems shown in 
Figs. 1b and ¢, i.e., states 2 and 3. 

When the original applied stress system is con- 
sidered as the sum of the two separate stress systems 
given above, the hole can be made as near neutral as 
required by adopting the following procedure: 

(a) State 2—Consider the plate with its elliptical 
hole which for the time being is unreinforced. Let it be 
loaded around its outer boundary with loads corre- 
sponding to a principal stress system of (1 —w) f and 
(n—w)f. At the same time, let forces be applied to the 
boundary of the plate around the hole which are 
equal to the interaction which would occur across this 
boundary if no hole were present. The stresses in the 
plate under the total load system are therefore un- 
affected by the presence of the hole. 

(b) State 3—Using the Inglis solution’, calculate the 
stresses in the perforated plate for principal stresses 
wf applied at infinity. 
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(a) State 1 
(6) State 2 
(c) State 3 


Fig. 1—Resolution of the applied stress system into two compo- 


nent applied stress systems 


(c) Combining (a) and (4), obtain the stress distri- 
bution in a plate with an unreinforced elliptical hole, 
caused by applied principal stresses f and nf at its 
outer boundary, and by principal stresses (1 —w)/f and 
(n—w)f at the boundary of the hole. 

(d) Determine the necessary cross-sectional area of 
the elliptical reinforcement which when unstressed 
would exactly fit around the hole in the unstressed 
plate, and which when stressed by forces correspond- 
ing to the principal stresses (1—w)f and (n—w)/f 
reversed has strains identical with those in the plate 
around the hole due to the applied stresses in item (c). 

The external forces across the junction of the plate 
and reinforcement may now be regarded as having 
been liquidated, and the action everywhere is the same 
as that in a plate with a reinforced elliptical hole under 
the action of the applied principal stresses f and nf 
acting at infinity as in state 1. 

When the above procedure is adopted, the cross- 
sectional area of the reinforcement and the maximum 
stress in the plate are given by simple expressions con- 
taining the arbitrary parameter w. As shown in sub- 
sequent examples, these expressions can be used io 
design practical reinforcements which correspond to 
maximum stresses only slightly greater than the 
maximum stress in a similarly loaded plate with 
no hole. 
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DESIGN DATA 
Using the above method of solution, it can be shown 
from reference (2) that the ratio of the semi-major and 
semi-minor axis of the elliptical hole is given by: 


a n @ 
eS: — aa 
b J lie) 
Also, the following expression gives the necessary 
cross-sectional area of the reinforcement: 


{pi[(n— w)*— 1 — wh n— w)+2Ko(1 
[(2 — w)*? —(1 — w)* Le? } 
A{(n— w)a*—(n— I) xP Petey —o@) (2) 


w)|a* 


where Ap is the cross-sectional area of the reinforce- 
ment, v Poisson’s ratio, and A the thickness of the 
plate. The cartesian co-ordinate x is measured from 
the centre of the hole, and has its axis on the major 
axis of the ellipse 

The above expression indicates that for a given 
applied stress system, the cross-sectional area of the 
reinforcement is a function of the parameter w. This 
implies that the variation in the cross-sectional area of 
the reinforcement can be controlled by varying the 
ratio of the major and minor axes of the ellipse. 


If w=0, the hole is neutral and the cross-sectional 
irea of the reinforcement is given by: 
} 2 ( yx2}2/2 
in h{na n—1)x*)}*/ (3) 
[n(n — vja* —(n* — 1)x*] 


In the important case of the stress distribution in a 


boiler, m2 and equation (3) becomes 
h{2a* — x*}* 
1; a (4) 
[2(2— w)a* —3x? 
This expression indicates that, except for small 


ilues of Poisson’s ratio, the area of reinforcement is 
too large to be of much practical value. For example, 
when }, the necessary cross-sectional area of 
nforeement becomes infinite at the ends of the 
major axis of the hole. 
Finally, the tangential stress in the plate around 
hole is given by the expression 


fin (a? — x*)+-(1 — w)*x? 


2K oA 1 - w)a*) (5) 


1x?) 


[(n— w)a*—(n 


whilst the stress acting on a normal cross-section of 
the reinforcement is given by: 


x(n—1)] 
2K eA 1 — w)]Ja* 


frla*(n— w) 
fil(n—w)? — v1 — w)(n— w) 








[(a— w)*?—(1 — w)*] x? cs, 
Table I 
Stress Concentration Factors (S.C.F.) and Variation of Ap/ah 
around the Hole when » = 0-25 
X/a 
| 0 0-25 O50 0-75 O8 5 0-90 1-00 
Values of Ap/ah around the Hole S.C.F. 
; SES Lm 
0 0-81 O81 O84 0-95 1-08 1:21 20 1-000 
0-1 | O72 O-72 O-73 O-78 O85 O-92 1-26 | 1-015 
0210-65 064 0-64 0-65 0-67 0-70 0-84 | 1-033 
0-3 | 0-58 0-57 O55 0-53 O53 0-54 0-58 | 1-045 
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Table Ul 
Stress Concentration Factors (S.C.F.) and Variation of A,/ah 








around the Hole when »— 0-3 
X/a 
0 0-25 0O-S0 O75 O85 0-90 1-00 
w Values of Ay/ah around the Hole IS.CF 
0 0-83 0-84 O-87 1:00 1-17 +1°34 2:5 1-000 
0-1 | 0-74 O-74 O-76 O-82 O91 O99 1-45 | 1-015 
0-2 0-66 0-66 0°66 0-67 O-71 0-75 0-93 | 1-033 
0-3 | 0-58 O58 0-56 0-55 0:56 0:56 0-62 | 1-045 

















By considering numerical examples, it is found that 
expressions (5) and (6) are maximum at the ends of 
the minor axis of the elliptical hole. 

It is worth noting that, since the hole is neutral for 
the stress system shown in state 2, any deviation in 
the original stress system due to the introduction of 
the hole is associated completely with the applied 
stress system shown in state 3. As shown by Inglis, 
the deviation in the state 3 stress system rapidly de- 
creases as the distance from the hole increases and 
soon becomes negligible compared with the applied 
principal stresses. (For example, in the case of a 
circular hole of radius a, the tangential stress at a 
distance r from its centre is given by /(1 +-a?/r?), which 
can be taken as f when r is several times greater than 
a.) This implies that the stress deviation in state | is 
confined to a small area around the hole, since, for 
practical values of w, the state 2 stresses predominate 
and therefore further reduce the area around the hole 
where the total stress deviation is greater than a 
given value. 

CYLINDRICAL PRESSURE VESSEL 

When n=2, the applied stress distribution corre- 
sponds to the membrane stresses in an unperforated 
cylindrical pressure vessel. For this important practi- 
cal case, Tables I and II give design data for the 
necessary cross-sectional area of reinforcement and 
corresponding stress concentration in the plate for 
various values of w. It can be verified numerically that 
for these values of w the maximum stress in the re- 
inforcement is less than the maximum stress in the 
plate. 

From the tables it is clear that when w has values 
in the order of 0-3, a reinforcement can be designed so 
that the maximum stress around the hole is only 
4-5° greater than the maximum stress in a similarly 
loaded unperforated plate. Furthermore, the variation 
in the necessary cross-sectional area of the reinforce- 
ment is sufficiently small to be neglected. 
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INSTITUTE OF WELDING 


Obituary 
SIR ALEXANDER GIBB 


Sir Alexander Gibb, G.B.E., C.B., F.R.S., President of the 
Institute of Welding from 1935 to 1937, died on 21st January, 
at the age of 85. The following personal! tribute is by his successor 
in the Presidency, Sir William J. Larke, K.B.E., D.Sc. 


Sir Alexander Gibb was the first President of the Institute of 
Welding in its present form—an example, to quote The Times, of 
“his catholic knowledge and engineering skill recommending 
him to an imposing number of professional and public bodies”. 
As I was responsible for this, | would like on behalf of all 
members of the Institute of Welding to pay homage to his 
achievements and express our gratitude for his influence and 
inspiration for the Institute, which was the first step towards the 
attainment of its present status. 

In 1936, Sir Alexander Gibb became President of the Institu- 
tion of Civil Engineers, the senior of the seventeen institutions 
that convened the Welding Conference of 1935. By accepting re- 
election to the Presidency of the Institute of Welding at that time, 
he gave to the newly reconstituted Institute a status that did much 
to assure its general acceptance by those who, in view of their 
existing or potential interest in the application of welding, must 
be its prospective membership. We cannot, therefore, be too 
grateful to the memory of our first President, for so willingly 
and unselfishly laying the foundation of our present Institute, at 
a time when he had undertaken heavy responsibilities as 
President of the Institution of Civil Engineers—the blue riband 
of his profession. 

Personally, Sir Alexander Gibb was vital, witty and generous, 
with a tenacity of purpose and vision which have their memorial 
in the various undertakings and bodies which he both inspired 
and developed. The world-wide reputation of the great partner- 
ship which bears his name is a living memorial to his genius and 
character. 


“The Influence of Welding on Structural Design” 


As already announced, this is the title of the first Annual 
Lecture, which is to be given by Sir Alfred Pugsley, F.R.S., at 
the Institute on 12th March, at 6 p.m. 

This is the first of what is intended to be an annual series of 
lectures on matters of general interest to the welding community. 


School of Welding Technology 


The prospectus for the next series of courses is now available. 
Copies may be obtained from the Secretary of the Institute, and 
a form for this purpose is inserted in this issue of the Journal. 
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East Midlands—**The Joining of Titanium” 

Dr. D. C. Moore gave a lecture on this subject at a meeting 
held at Loughborough on 16th October. Dr. Moore commenced 
by saying that the strength-to-weight ratio of titanium makes it 
attractive for use in aero engines, but that it is used mainly on 
gas turbine work. It compares favourably with other corrosion- 
resisting materials, being more resistant than stainless steel to 
sea water. 

Titanium cannot be welded by the oxy-acetylene or normal 
metal-are processes, and the argon-are or inert-gas metal-arc 
processes have to be used. Hardening of the weld area is removed 
by post-heat-treatment. The best method of welding titanium, 
Dr. Moore stated, was in a sealed container filled with argon, 
the welding torch being manipulated through rubber gloves 
sealed to the container casing. 

For welding titanium in the ‘open air’, all surfaces must be 
protected from the atmosphere, and backing plates are generally 
used. The best results are obtained using d.c. electrode negative. 
It is important that it is possible to extinguish the are at the 
welding point, in order to avoid having a pooi of molten metal 
after the argon supply is switched off. Welding speeds should be 
such that the deposited metal is cool before the argon shroud 
leaves it, and the tip of the filler wire, when used, must not be 
taken out of the argon shroud. 

For manual argon-arc welding, the welding current is ap- 
proximately | A per thou. of material thickness. Thicknesses 
welded in this country vary from 10 thou. to 4 in., but in the 
U.S.A. titanium | in. thick has been welded. K.H.E. 


Liverpool— Development in Arc Welding Processes 

Mr. P. L. J. Leder gave a lecture on this subject at a meeting 
held on 13th November, dealing with the general developments 
of the electric arc welding processes, and describing in some 
detail the continuous covered-electrode visible-arc process, 
submerged-arc welding, and the gas-shielded processes. 

Mr. Leder said that in this country over 90°, of steel fabri- 
cated by arc welding is manually welded. Much attention has 
been given to improving the process so as to overcome variations 
due to the human element. 

On the subject of electrode coverings, Mr. Leder spoke of the 
metallurgical advantages of basic-covered electrodes, and gave 
some attention to iron-powder types. A new development is an 
iron-powder electrode with a rutile-type covering (giving good 
operational characteristics) but depositing a low-hydrogen type 
weld metal (having good metallurgical properties). 
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Dealing with submerged-arc welding, Mr. Leder mentioned 
the Russian resistance heating (*/*R7") and electro-slag welding 
processes, which are now being examined in this country; the 
high deposition rates claimed for these processes have been 
confirmed, but the metallurgical quality of the joints still has to 
be properly assessed 


South London, Medway Section—-Equipment Demonstration 
The evening of 20th November proved to be most interesting 
for members of the Section. Through the courtesy of Welding 
Supplies Ltd., Gillingham, a practical demonstration of welding 
plant and equipment was arranged at their factory. Many items 
of interest were on display, including demonstrations of mag- 
netic crack detection, modern methods of profiling, and auto- 
matic welding. After the demonstration there was an opportunity 
for the 62 members and visitors present to discuss the methods 
ind equipment examined B.T. 
South Wéstern the Rocket 
Industries 
Mr. M. E. Pool gave a lecture on “Welding in the Chemical 
Industry” at a meeting held on 4th November at the Avonmouth 
Docks Estate, Bristol. The lecturer dealt most competently with 
his subject, and used films to describe new techniques, particu- 
larly in relation to pipework and heat exchangers, both of these 
being widely used in the chemical industry. The hosts on this 
occasion were the Welding Construction Company, and a hearty 
vote of thanks to the Directors was passed for their hospitality 
The hosts for the lecture on 20th November were the Bristol 
Acroplane Co. Ltd., and the lecturer, Mr. F. J. Wilkinson, 
spoke on “Welding in the Rocket Industry”. The paper was 
illustrated by lantern slides and films, which were of outstanding 
interest and served to emphasize the importance of welding of 
high-tensile steels subjected to the severe conditions involved 
G.R.1 


Welding in the Chemical and 


CONTRIBUTORS TO THE JOURNAL 


P. D. Blake, research physical chemist with the Fundamental 
Research Team at Murex Welding Processes Ltd., was educated 
at Taunton School, Somerset, and graduated in 1944 from 
Christ’s College, Cambridge University, with B.A. Hons 
Natural Sciences Tripos), obtaining his M.A. degree in 1948 
He was a member of the Physical Chemistry Research Section 
of the Metropolitan Vickers Electrical Co. Ltd., where he was 
concerned with basic research on welding electrodes, from 
1944 to 1947 with Radiation Ltd. as Research Physical Chemist 
engaged on basic research into vitreous enamelling, from 1947 
1951, and with Plessey Ltd. from 1951 
Supply work. Mr. Blake has been with Murex Welding Processes 
from 1952 to the present time, and has been engaged on funda- 
mental research on gases in metals 

He is also a member of the B.I.S.R.A. Group on Gases and 
Non-Metallics of the Metallurgy Division 


Dr. J. C. Chaston is Manager of the Research Laboratories of 
Johnson, Matthey and Company. He was educated at Dulwich 
College and the Royal School of Mines. From 1925 to 1936 he 
was metallurgist with Standard Telephones and Cables Ltd., and 
from 1936 to 1938 was Senior Lecturer in Metallurgy at the Royal 
Technical College, Glasgow. Since 1938 he has been associated 
with Johnson, Matthey and Co. Ltd 
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Dr. R. Hicks M 


H. Sloboda 


Dr. Raymond Hicks began his career as a civil engineer with 
Sir Robert McAlpine and Sons, after leaving the Merchant Navy 
in 1946. He received his technical education at University 
College, Cardiff, where he was awarded the degree of M.Sc. and 
Ph.D. while working for the Ministry of Supply on stress 
analysis problems encountered in aircraft design. As a result of 
this work he received a senior award from the Royal Commission 
for the Exhibition of 1951 

In 1955 he joined the G.E.C.-Simon-Carves Atomic Energy 
Group where he is responsible for the structural development 
and stress analysis of pressure vessels and allied structures 


Mr. M. H. Sloboda was born in 1917 in Wadowice, Poland, 
and educated there at the State Grammar School. Later he 
studied and graduated at the Polish Air Force College for 
Technical Officers in Warsaw and, during the war, served with 
units of the R.A.F. stationed in Great Britain. Since 1948, 
Mr. Sloboda has been on the staff of the Research Laboratories 
of Messrs. Johnson, Matthey and Co., Ltd 


NEWS FROM INDUSTRY 


Welding for Mechanical and Structural Engineers 
Willesden Technical College, in co-operation with the 
Institute of Welding, is arranging a special course of six lectures 
on welding subjects for mechanicai and structural engineers 
The lectures will be held on Wednesday evenings, from 6 to 
p.m., beginning on Sth March. The syllabus is as follows 
Sth March: Summary of Welding Processes 
12th March: Weldability of Engineering Materials 
19th March: Design for Welding 
26th March: Shop and Site Welding 
2nd April: Inspection, Testing, and Quality Control 
9th April: Welding Research—The Way Ahead 
The fee for the course is 10s. All enquiries and applications for 
admission should be made to the Principal, Willesden Technical 
College, Denzil Road, London, N.W.10 


New British Standard on Radiography 

The new British Standard, “General Recommendations for 
the Radiographic Examination of Fusion-Welded Circumfer- 
ential Butt Joints in Steel Pipes” (B.S. 2910:1957), is based on 
radiographic techniques that are being and have been success- 
fully used in industry. 

Specifically, the 45-page illustrated publication relates to the 
radiographic examination of fusion-welded circumferential butt 
joints in steel pipes in thicknesses up to 4 in. (101-6 mm) using 
the single-wall technique, or 2 in. (50-8 mm) using the double- 
wall technique. The recommendations assume the complete 
radiographic inspection of the welded seam; but they apply 
equally where only small sections are to be examined, e.g. spot 
checks and radiographs of repaired sections. 

Since exposure of any part of the human body to X-rays or 
gamma-rays can be highly injurious, the standard also includes 
a ‘protection’ clause. One of the recommended precautions is 
“measurement of the amount of radiation received by the 
worker”, and particulars are given of the source from which 
films may be obtained for this purpose. 

The standard concludes with an Appendix containing “Ex- 
planatory notes on the techniques”. Among the ten subjects 
dealt with are: “Intensifying screens”, “Tube voltage and 
exposure”, ““Processing’’, and “Viewing”. 


~ 
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This Standard is a companion to B.S. 2600, which is related to 
fusion-welded joints in thicknesses of steel up to 2 in. 

Copies of this standard may be obtained from the British 
Standards Institution, 2 Park Street, London, W.1. Price 8s. 6d. 


CORRIGENDUM 

In the report of L.1.W. Commission III, “Definition of a 
First-Quality Spot Weld” (published in the December 1957 issue 
of the Journal, page 556), Part |—General, paragraph (1) should 
read as follows 

(1) The minimum diameter of the weld measured at the faying 
surfaces shall be 5\/e where e is the thickness of the thinner 
sheet in millimetres, or \1 where ¢ is the thickness of this sheet 
in inches 


DIARY 


3rd March—INstiTuTE OF WELDING, Sheffield Branch—Brains 
Trust on “Health and Safety in Welding’—Grand Hotel, 
Sheffield, 7.15 p.m. 


Sth March—INstiruTE oF WELDING, East Wales Branch 
“Recent Developments in Welding and Cutting Processes”, 


by F. D. Hucklesby—The S. Wales Institute of Engineers, 
Cardiff, 7.00 p.m 
6th March—INstiTUuTE OF WeLDING, West Wales Branch 


“Recent Developments in Welding and Cutting Processes”, 
by F. D. Hucklesby—Swansea Technical College, Swansea, 
7.00 p.m 


6th March—INstiTUTE OF WELDING, North Eastern (Tyneside) 
Branch—**The Manufacture of Fusion Welded Pressure 
Vessels”, by W. Weightman—Neville Hall, Newcastle upon 
Tyne, 7.00 o.m 


7th March—INstITUTE OF WELDING, North and South London 
Brances—London Branches Joint Annual Dinner, Palmerston 
Restaurant 


7th March—InstiruTE OF WELDING, South Western Branch 
“Fluorescent and Magnetic Testing of Welding’, by E. A 
Gottfeld—Radiant House, Pipe Lane, Bristol, 7.15 p.m. 


ith March—InstiruTe oF WELDING, Liverpool Branch 
“Welding Steampipes”, by M. T. Roe—College of Tech- 
nology, Byrom Street, Liverpool, 7.15 p.m. 


12th March—INnstiruTe OF We_LDING—First Annual Lecture 
“The Influence of Welding on Structural Design”, by Sir 
Alfred Pugsley, F.R.S.—54 Princes Gate, London, S.W.7, 
6 p.m 


12th Marech—INstTITUTE OF WELDING, North London Branch 
Demonstrations at Lincoln Electric Co. Ltd.—7.00 for 7.30 
p.m 


13th March—INstITUTE OF WELDING, South London Branch 
“Selection of Materials for Fabrication”, by J. W. Strawson 
Institute of Welding, 6.30 p.m. 


14th March—INstiTUTE OF WELDING, East Midlands Branch 
“The Importance of Welding Research for Industry”, by 
Dr. R. Weck—Technical College, Lincoln, 7.15 p.m. 


14th March—INstiTuTE OF WELDING, Birmingham Branch 
“Welding Problems in the Nuclear Energy Field’, by I. H 
Hogg—Grand Hotel, Birmingham, 7.30 p.m. 


19th March—INSTITUTE OF 
(Medway Section) 
by Quasi-Are Ltd 


WELDING, South London Branch 
Demonstrations of ‘Fusarc/CO,° process 
Medway College of Technology, 7.15 p.m. 


19th March—INsTITUTE OF WELDING, Wolverhampton Branch 
Annual General Meeting, and Branch Member’s Paper 
Open to Associates, Graduates and Students of the Branch 
Holly Bush Hotel, Wolverhampton. 


19th March—INsTITUTE OF WELDING, West of Scotland Branch 


“Measuring and Forecasting Costs in Ship Construction”, 
by A. G. Thompson. 
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19th March—INstITUTE OF WELDING, North Eastern (Tees-side) 
Branch—*The Lackenby Project”, by A. P. Clark—Cleveland 
Scientific and Technical Institution, Corporation Road, 


Middlesbrough, 7.30 p.m. 


20th March 
“Joining of Titanium” 


INSTITUTE OF WELDING, Southampton Branch 
Southampton Technical College, 


7.00 p.m. 
21st March—INstiruTE OF WELDING, Liverpool Branch 
Annual Dinner to Entertain the Lecturers—St. George 


Restaurant, Liverpool, 6.30 for 7.00 p.m. 


25th March—INstITUTE OF WELDING, South Western Branch 
Technical Film Programme—Radiant House, Pipe Lane, 
Bristol, 7.15 p.m. 


26th March—INstiTUTE OF WELDING, North London Branch 
“Fissuring in Mild Steel Weld Metal’, by H. Vaughan 
Institute of Welding, 7.00 for 7.30 p.m. 


2nd April—InstiruTE oF WELDING, Manchester Branch 
Annual General Meeting, and Film by the United Kingdom 
Atomic Energy Authority—Reynolds Hall, College of 
Technology, Manchester, 7.15 p.m. 


2nd April 
Branch 
Technical 
7.30 p.m 


INSTITUTE OF WELDING, North Eastern (Tees-side) 
Annual General Meeting—Cleveland Scientific and 
Institution, Corporation Road, Middlesbrough, 





CLASSIFIED ADVERTISEMENTS 
Situations Vacant 


British Welding Research Association requires an Engineer and a 
Metallurgist for two vacancies in its Development and Advisory 
Department. Degree or corporate membership of recognised pro 
fessional institution desirable and industrial experience, including 
Welding Technology essential. Excellent opportunity for close liaison 
with industrial establishments and with research workers in the 
Welding field. Salary in appropriate grade according to qualifications 
and experience. F.S.S.U. Pension Scheme. Apply to The Secretary 


B.W.R.A., 29 Park Crescent, London W.! 

Metallurgist. Young man wanted for development of arc welding 
electrodes. Qualifications must be of at least H.N.C. standard. Salary 
according to qualifications and experience. Location N.E. Lanes 


House can be arranged on rental basis. Pension and Life Assurance 
schemes in operation. Good recreational facilities Applications 
should include details of age, present position, and salary in strict 
confidence. Box 216 


JOSEPH LUCAS LIMITED 


ENGINEERS OR METALLURGISTS 
FOR 
GROUP WELDING LABORATORY 


required to assist in the development of advanced welding processes 
for application to the Group's road transport, aircraft, and gas 
turbine products 

Applicants should have engineering and metallurgical background 
with Higher National Certificate or equivalent 

The commencing salary will be substantial, commensurate with 
experience and qualifications and there will be ample scope for 
advancement in an expanding department. 

The positions are permanent and pensionable. Apply in writing, 
stating age, qualifications and experience, to the Personnel Manager, 
Josern Lucas (ELecrricat) Liwrrep, Great King Street, Birmingham 
19, quoting reference PM/D/177 


Appointment Wanted 


Senior Welding Engineer with exceptionally wide experience in arc, 
gas and resistance welding acquired at home and abroad, at present 
engaged in Government Establishment on research on welding of 
high temperature materials, good metallurgical knowledge, academic 
qualification, A.M.1.W., fluent German and French, will shortly be 
free to accept a position where the services of a really first-class man 
would be appreciated. Box 215 
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WELDING LITERATURE 





Book Reviews 
Additions to the Institute Library 


Trade Publications 


CONTENTS OF PERIODICALS RECEIVED 


THIS SECTION is intended to give a survey of the current 
welding literature received by the Institute of Welding 
Library. The contents lists are not exhaustive; only the main 
irticles in welding journals are listed, and reprints from other 

rnals and short notes are generally excluded. In addition, 


ng articles from other periodicals are listed. Abstracts of 


literature are given in the Bibliographical Bulletin of 

1 Allied Pr published by the International 

f Welding, and details of this may be obtained from 
secretary t the Institute ot Welding 


Lastechniek (Holland), 1958, vol. 24, January 


Corrosion and Corrosion Research, P. J. Gellings. (1—5.) 
Review of Recent Welding Literature. (6—11.) 


Revue de la Soudure (Belgium), 1957, vol. 13, No. 4 
Oxygen Cutting of A 52 Steel, W. Soete and E. Sellier. (219 
226.) 

Design of a Series of Experiments on the Strength of Fillet 
Welds. (227-238.) 

Stress Relief of Special Steels, Tummers and W. Soete. (239 
245.) 

Note on the Relaxation of Weld Stresses in Ship Hulls and 
Structural Frames, A. Audigé. (246-253.) 


Schweisstechnik (Austria), 1957, vol. 11, December 
Lime-bearing Basic Electrodes for High-quality Welds, A. 
Schmidt. (143—150.) 

The Young Engineer and Welding Technology, F. 
(150—152.) 

The First Welded Railway Bridge, and the Introduction of Arc 
Welding in Austria, E. Rosenberg. (154—-157.) 

Brittle Fracture in Steel, W. Felix and T. Geiger. (158—162.) 


Schitz. 


Schweissen und Schneiden (Germany), 1958, vol. 10, 
January 
Measuring Techniques in Resistance Welding, O. Gengenbach 
(1—12.) 


Control Devices for Single and Multiple Operation in Resist- 
ance Welding, H. Neumann. (12—15.) 


Control Equipment for Continuous Seam Welding, A. Gericke. 
(15-20.) 


Oxygen Lancing with Steel Wire or Flux, H. Jansen. (20-26.) 
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Welding Engineer (U.S.A.), 1958, vol. 43, January 
Dip Brazing Aluminum with Paste Filler, A. M 
(30-32.) 

Application Aids for Arc Welding Aluminum Bus. (34—37.) 
Silicon Rectifiers Improve Features of d.c. Welders, E. | 
Steinert and A. M. Christian. (38-39.) 

Filler Metals for Joining: Copper and Copper Alloys, O. T 
Barnett. (56—62.) 


Setapen 


Welding Journal (U.S.A.), 1958, vol. 37, January 
The Development of Welding for Engineering Fabrication, 
J. H. Humberstone. (9-15.) 
New Techniques in Precision-Welding Control, J. | 
and M. Balikov. (16-21.) 
Mechanized Surfacing with Alloy Materials, R. S. Zuchowski 
and J. H. Neely. (22-29.) 
A Method for Evaluating Materials used in Penetrant Flaw 
Detection, R. W. Miller. (30-33.) 
A Study of Metallurgical Effects in the Multipass Welding of 
Zircaloy, R. E. Johnson and B. W. Schaaf. (1s~-9s.) 
Improved Notch Toughness of Experimental Semikilled Steels 
over One Inch in Thickness, R. W. Vanderbeck. (10s—20s.) 
Safeguards Aspects of Reactor Vessel Design, D. R. Miler 
and W. E. Cooper. (22s—26s.) 
Effect of Preheating and Postheating on Toughness of Weld 
Metal, T. N. Armstrong and W. L. Warner. (27s—29s.) 
Continuous Cooling Transformation Characteristics of Three 
Types of Weld Metal, E. F. Nippes and FE. C. Nelson. (30s 
36s.) 
Fatigue Strength of Silver-Alloy Brazed Joints in Steel, C. H 
Chatfield and S. Tour. (37s-40s.) 


Solomon 


Welding and Metal Fabrication, 1958, vol. 26, January 
Manufacturing Oil-fired Air Heating Equipment. (2-8.) 
Equipment for Welding Reactive Metals, A. Mombrun and 
W. G. Hull. (9-11.) 

Portable Spot Welding Equipment, C. W. J. Vernon. (12-18.) 
A New Brazing Technique, C. E. Rorick. (19-21.) 

Welding of Plastic-coated Steel, D. Ewan. (22-23.) 
Inert-Gas Tungsten-Arc Welding of SAE. 4130 Steel Sheet— 3, 
C. A. Terry and W. T. Tyler. (24—-31.) 


Zeitschrift fiir Schweisstechnik (Switzerland), 1958, 
vol. 48, January 
Draft Standard for Spot Welding of Aluminium: Design. (2-10.) 


Measurement of the Wetting Temperature in Braze Welding, 
Pt.1, J. Colbus. (10—15.) 
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MUREX 


Incorporating the unique generator 


The Murex Overlander 300/400 amp. single operator arc welding set 
has special rugged characteristics for open site work. It is substantially built 
on an undercarriage having a low centre of gravity and a wide track width to 
ensure stability. It has independent wheel springing and turntable front 
wheels for mobility and manoeuverability. The equipment is driven by a 
powerful industrial diesel engine* and it incorporates the well-known 
Murex Dynex welding generator which gives infinite current adjustment 
throughout its entire range. The voltage can also be independently and 
infinitely adjusted between maximum and minimum values. Please write for 
full details. 

* The standard set has a Perkins P4 diesel engine but any other suitable 
engine can be fitted if required. 





ELECTRIC ARC WELDING EQUIPMENT & ELECTRODES 


Murex Welding Processes Ltd., Waltham Cross, Herts. Telephone: Waltham Cross 3636 


ee 
MUREX 
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receiver with colandria 








makes the whole as strong as the 

part and ensures impeccable finish to 

the weld itself, both inside and out, 

to take a mirror polish if needed. 
Butterfields apply this top level of welding 
to all equipment produced for industrial 
storage and processing purposes, and 

to Road Transport Tanks in Stainless Steel, 
Mild Steel, Aluminium, Nickel & Monel 


We are equipped with Weld 


WwW 
elding of Aluminium X-Ray Plant, materials 


is by either the testing and microscopic 


Argon Arc or Argonaut examination facilities for 


methods any required class of work 





W. P. Butterfield Ltd P.O. Box 38 Shipley Yorkshire Telephone 52244 (6 lines) 

Branches LONDON Telephone HOLborn 2455 (4 lines) BIRMINGHAM Telephone EAS 0871 & EAS 2241 

BRISTOL Telephone 27905 LIVERPOOL Telephone Central 0629 MANCHESTER Telephone Blackfriars 9417 NEWCASTLE-ON-TYNE Telephone 23823 
GLASGOW Telephone Central 7696 BELFAST Telephone 57343 DUBLIN Telephone 73475 & 79745 















lustrated above is a Dust Cover for 
hydraulic machinery with an overall 
length of 23 feet, sliding doors at side 
and removable top covers. The main 
frame is of all welded construction. This 
is just one of the many examples of Steel 
Fabrication by Thos. Marshall & Son Ltd, 











STEEL FABRICATIONS sy THOS. MARSHALL 


& SON LTD. 
WELLINGTON BRIDGE, LEEDS, 12 . ‘Grams: ‘ciSTERNS’ LEEDS, 12 - TEL. 32186 (5 lines) 
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THE NEW MAXILUME ILLUMINATOR 


incorporates all those improvements that ensure greater accuracy and convenience 
for critical examination of X-ray negatives. 


VERSATILE—Radiographs up to 14” x 17”. Desk, bench, wall or 


recessed wall mounting. With or without dimming circuit. ACCESSORIES 
CONVENIENT—It tilts at just the right angle for comfortable Roller Blind Masking Set eliminating 
viewing. Can be placed with viewing panels touching to form extraneous illumination permits closer 
continuous bank. examination of small radiographs or 
EFFICIENT—Instant start. Complete absence of flicker. Correct parts of negatives. 


One piece Perspex drip tray set for 
viewing wet negatives. 

Photoflood for examination of dense 
negatives up to 2.5. 


maximum light transmission characteristics for critical examina- 
tion of radiographs without eyestrain. 
COMPACT—Only 4} in. deep. Facilitates recessed wall mounting. 





No surround. Saves space. Dimming circuit and regulation of 
UNIQUE—Ball-type film holder ensures quick trouble-free insertion, light intensity for critical viewing of 
retention & release of negatives. Attractive durable cream finish. fine negative detail. 





With dimmer £15.15.0d. Without £13. 0. 0d. 


| Newton Victor Limited, 132 LONG ACRE, LONDON, W.C.2 


X-RAY SALES DEPARTMENT OF @@TSENO)2O1RRT.\) ba s1@.aa.e 





An A.E.1, Company 
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‘Titanium — 
ean it be welded ? 





The answer to this important question depends temperatures involved. However, these harm- 

upon two factors—the type of titanium and the ful gases can be kept away from the hot 

type of welding process envisaged. metal by using the argon arc process, which 
Commercially pure titanium has properties yields joints with excellent properties. 

which make it ideal for resistance, spot and Not all of the high strength titanium alloys 


seam welding, but fusion welding presents are suitable for fusion welding, but high 
problems because of the metal’s affinity for strength alloys specially devised for welding 
oxygen, nitrogen and hydrogen at the high are being developed. 


IMPERIAL CHEMICAL INDUSTRIES LIMITED, LONDON, S$.W.E 





M46! 
22 BRITISH WELDING JOURNAI 














AGISTOR 


4-CHANNEL TIMER Types TU3 & TU4 











The “Magistor” 4-Channel Timing Unit has been designed so that it is either self-contained for incorporating 
in standard welding schemes as a static timer, or used as part of the “Magistor” Static Control Systems. 





SPECIFICATION DIMENSIONS 
Input—440 volts, A.C., 50 c/s. Length 15”, Width 7}”, Depth 6§”. 
| Time Range--06-1 sec. per stage. Type TU3-Flat panel construction suitable for 
Output-Normally open or closed relay contact mounting with existing equipment. 
circuits, suitable for 230 volts 1 amp., Type TU4-Mounted in a sheet steel case with a 
can be provided for each channel. perspex panel as illustrated. 
| 
l 








For further details please write for: Publication No. ES.4657/3. Magistor Static Control Systems Leaflet 657/0-1. 


METROPOLITAN - -VICKERS 


ELECTRICAL CO LTD TRAFFORD PARK MANCHES 





An A.E.I. Company 


INDUSTRIAL PROCESS CONTROLS 


R/E704 
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S026 (0 For increased efficiency 


ae J Voxoblo 
put it oh X Castors 


‘Putting it on castors’ is certainly the way to speed 
things up, and to an amazing extent when the right 
castors are used for the job. The varied uses of Flexello 
castors are virtually limitless. They are used in nur- 
series and steel mills, aircraft plants and beauty par- 
lours. Flexello has the range, the service and facilities 
to make castors the true servant of the production 
manager, the hospital matron, the restaurant mana- 
ger or the storekeeper. Closest inspection, superior 
design and up-to-date production methods have made 
Flexello the largest 
castor manufac- 
turer in Europe. 








"“AnICT 


: ay 2 CONSTANT QUALITY 
& CASTORS 


Only a very small section of our range is 

shown here. Please send for catalogue No. 

156 B.W.J. or a technical representative for 
industrial advice. 





4 FLEXELLO CASTORS & WHEELS Ltd. SLOUGH, BUCKS. Tel. Slough 24121 





WORK HANDLING 
EQUIPMENT 
for welding 


OPERATOR’S PLATFORMS 
CYLINDER ROTATORS 
POWERED POSITIONERS 
CLAMPING MACHINES 
WELDING PLATENS 


The illustration shows a set of Courtburn 20 ton capacity Cylinder 
Rotators in use by Hughes & Lancaster Limited in North Wales 

The power driven section provides a wide range of constant welding 
speeds, rubber-tyred rollers are fitted on both power and idler sections, 
and a remote oendant contro! switch and cable are supplied 

Courtburn Rotetors are available in all sizes from 2 tons to 200 tons 
coapocity. 





Follow the example of dozens of the leading engineering firms—choose Courtburn equipment 


Catalogue gladly sent on request 


OURTBUR 





SALES DIVISION, GOLDINGTON BURY, BEDFORD 
Telephone: 4587-8-9 





|p POSITIONERS LIMITED | |p POSITIONERS LIMITED | 
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amt: 


Ratings— 320 Amps. continuous. 425 Amps. intermittent. 
Complies with B.S. 638 (1954) Group X. > 














Type O.T.I. (1955) 








single operator welding sets 


THE GENERAL ELECTRIC CO. LTD., MAGNET HOUSE, KINGSWAY, LONDON, W.C.2. 
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for the 
welding 
industry 





WIRE FOR ELECTRODES 


Richard Johnson & Nephew Lid ~ Manchester 11 
Tel.: EAST 1431 
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PHILIPS 


new range of 
single/repeat 
SPOT WELDERS 


® Pedestal, air-operated machines of 


40, 60, 100 and 150kVA. 


@ 24” or 36” throat depth for 
each rating. 


@ Pressure cylinder and lower arm arrange- 
ment interchangeable between 40 and 
60kVA machines and 100-150kVA type. 


e@ All welders fitted with four-function 


timer unit. 


@ Primary current control by ignitron 


contactor. 


@ Height of lower arm adjustable by 
hydraulic jack. 


The ES 2015/10 
40 kVA welder 
with 24° 
throat depth 






PHILIPS ELECTRICAL LTD 


INDUSTRIAL PRODUCTS DIVISION 






say 
\ 


For full technical details please contact: 
Century House - Shaftesbury Avenue - London - W.C.2 


Telephone: GERrard 7777 Grams: Phillamps, Phone, London 
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PHILIPS 


new range of 
single/repeat 
SPOT WELDERS 


® Pedestal, air-operated machines of 
40, 60, 100 and 150kVA. 


@ 24” or 36” throat depth for 
each rating. 


@ Pressure cylinder and lower arm arrange- 
ment interchangeable between 40 and 
60kVA machines and 100-150kVA type. 


e@ All welders fitted with four-function 
timer unit. 


@ Primary current control by ignitron 


contactor. 


@ Height of lower arm adjustable by 
hydraulic jack. 


The ES 2015/10 
40 kVA welder 
with 24’ 
throat depth 





For full technical details please contact: 
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FOR BRITISnaA inous try 


Always ask for 


“ALDA” 


rods and fluxes 


BRITISH OXYGEN MAKE ALDA 
the famous range ot rods 

and fluxes. And a complete range 

of welding accessories— 

from goggles and gloves 

to friction lighters and wire brushes. 

ALWAYS ASK FOR ALDA. 


Write tor tully illustrated literature. 


KO) BRITISH OXYGEN 


British Oxygen Gases Ltd., industria! Division, Spencer House, 27 St James's Piace, London, S.W.1. 


Outside back cover 





